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ABSTRACT

Robotic systems increasingly operate as distributed, multi-host systems spanning
robots, edge resources, and cloud services. In such settings, communication, local-
ization, and resilience jointly determine system performance, yet existing research
has often treated them separately. This thesis investigates how robotic capability can
be strengthened in distributed ROS 2 systems through the combined study of com-
munication architecture, multisensor localization, and resilient edge deployment.

The thesis first analyses communication in the edge—cloud continuum and shows,
through a comparative study of CycloneDDS, MQTT, and Zenoh, that middleware
performance is conditioned by deployment context: CycloneDDS is most effec-
tive in wired Ethernet environments, whereas Zenoh is better suited to Wi-Fi and
4G settings. The dissertation then addresses localization as a multisensor prob-
lem. It reviews event-based sensor fusion for odometry, investigates the effect of Li-
DAR heterogeneity through comparative benchmarking of dome-shaped, solid-state,
and spinning lidars, and evaluates seamless outdoor—indoor pedestrian positioning
through GNSS/UWB/IMU fusion using error-state Kalman filtering, factor-graph
optimization, and particle filtering. The findings show that localization accuracy,
robustness, and continuity depend on the interaction between sensor characteris-
tics, estimator structure, and environmental conditions; among the tested pedestrian-
positioning back-ends, the error-state Kalman filter yields the most consistent overall
performance. Finally, the thesis examines resilience through a Kubernetes-orchestrated
ROS 2 multi-robot localization system for UWB-based relative positioning. Fault-
oriented experiments demonstrate that container orchestration can sustain localiza-
tion quality through automated recovery even when edge-side services fail.

The thesis shows that distributed robotic capability is a systems property emerg-
ing from the co-design of communication, localization, and resilience. Its contribu-
tion is to demonstrate that robust ROS 2 systems depend on aligning communication
with network conditions, localization with sensing heterogeneity, and resilience with
deployment conditions.

KEYWORDS: Distributed robotic systems, ROS 2, communication middleware, lo-
calization, Kubernetes, UWB, GNSS
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THVISTELMA

Robottijirjestelmit toimivat hajautettuina jirjestelmind, jotka ulottuvat roboteista
reunalaskentaresursseihin ja pilvipalveluihin. Tillaisissa ympéristoissi viestintd, pai-
kannus ja resilienssi médrittavat suorituskykyd. Aiemmassa tutkimuksessa niitd on
tarkasteltu erillddn. Tédssd viitoskirjassa tutkitaan robottijirjestelmien toimintakyvyn
vahvistamista hajautetuissa ROS 2 -jarjestelmissi tarkastelemalla viestintdarkkiteh-
tuuria, monianturista paikannusta ja vikasietoista reunalaskentaa.

Viitoskirjassa analysoidaan viestintdé reuna-pilvi-jatkumossa. CycloneDDS:é4,
MQTT:td ja Zenohia vertailemalla osoitetaan, ettd suorituskyky miirdytyy kiyt-
toympiriston mukaan: CycloneDDS toimii tehokkaimmin Ethernet-ympiristoissi,
kun taas Zenoh soveltuu Wi-Fi- ja 4G-ympéristoihin. Tyossd tarkastellaan tapah-
tumapohjaista anturifuusiota odometriassa, tutkitaan lidar-antureiden heterogeeni-
syyttd vertailemalla kupolimuotoista, puolijohde- ja pyorivad lidaria seki arvioidaan
saumatonta ulko-sisitilapaikannusta fuusioimalla GNSS-, UWB- ja IMU-mittauksia
virhetila-Kalman-suodatuksen, faktorikuvaajaan perustuvan optimoinnin ja partikke-
lisuodatuksen avulla. Tulokset osoittavat paikannuksen tarkkuuden, hairionsietoky-
vyn ja jatkuvuuden riippuvan antureiden ominaisuuksien, estimaattorin rakenteen
ja ympdristdolosuhteiden yhteisvaikutuksesta; testatuista jalankulkijapaikannuksen
menetelmisti virhetila-Kalman-suodatin tuottaa johdonmukaisimman kokonaissuori-
tuskyvyn. Lopuksi viitoskirjassa tarkastellaan resilienssid Kubernetes-orkestroidun
ROS 2 -pohjaisen monirobottipaikannusjirjestelmin avulla, jossa suhteellinen paikan-
nus perustuu UWB-teknologiaan. Vikatilannekokeet osoittavat, ettd konttiorkestrointi
kykenee ylldpitamiéin paikannuksen laatua automaattisen toipumisen avulla, kun
reunalaitteiden palvelut vikaantuvat.

Viitoskirja osoittaa, ettd hajautettujen robottijédrjestelmien toimintakyky on jér-
jestelmitason ominaisuus, joka syntyy viestinnin, paikannuksen ja resilienssin yhteis-
suunnittelusta. Se osoittaa, ettd hédirionsietokykyiset ROS 2 -jarjestelmit edellyttavit
viestinnén sovittamista verkko-olosuhteisiin, paikannuksen sovittamista anturien he-
terogeenisyyteen seki resilienssin sovittamista kiyttoonottokontekstiin.

ASTASANAT: hajautetut robottijarjestelmét, ROS 2, viestintdviliohjelmisto, pai-
kannus, Kubernetes, UWB, GNSS
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1 Introduction

1.1 Background and Motivation

Robotic systems are increasingly deployed as connected, networked, and computa-
tionally distributed systems rather than as isolated machines. This shift has been
described through the overlapping paradigms of cloud robotics, edge robotics, and
the edge—cloud continuum [1; 2], all of which seek to extend robotic capability be-
yond the physical platform by distributing computation, storage, coordination, and
supervision across heterogeneous infrastructure [3; 4; 5; 6; 7]. In such settings, the
robot is no longer a self-contained unit. It becomes a participant in a wider computa-
tional system whose behavior depends on communication performance, middleware
design, deployment strategy, and the availability of external resources [8].

Within this transition, Robot Operating System 2 (ROS 2) has emerged as the
principal middleware framework for contemporary robotic software. Its design em-
phasizes distribution, modularity, interoperability, and product readiness, while its
reliance on the Data Distribution Service (DDS) [9] gives it a data-centric communi-
cation model suitable for multi-process and multi-host robotic applications [10; 11].
Yet the move from single-host robotics to distributed ROS 2 systems also introduces
new engineering and scientific challenges. Message delivery must remain reliable
across heterogeneous networks; nodes may need to migrate between robot, edge,
and cloud resources; and increasingly complex software stacks must be deployed
and maintained across devices with very different computing capabilities. Commu-
nication in distributed robotics therefore cannot be reduced to a background imple-
mentation detail. It is a constitutive part of robotic capability itself.

This is particularly evident when robotic systems operate across wireless and
resource-constrained environments. A communication approach that performs well
in a wired laboratory setting may degrade substantially under Wi-Fi or cellular con-
nectivity, with direct consequences for the timeliness of control, sensing, and inter-
robot coordination. The literature has shown that communication behavior in ROS 2
depends not only on middleware choice, but also on discovery overhead, message
size, network topology, and the relation between local and remote computation [12;
13; 14; 15]. For distributed robotic systems, the question is therefore not merely how
to exchange data, but how to do so in a manner that preserves system-level efficiency
and reliability under realistic deployment conditions.

If communication is one enabling layer of distributed robotics, localization is

1
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another. Robotic systems must estimate position, motion, and relative spatial rela-
tionships in environments that are often dynamic, degraded, or only partially ob-
servable. Over the last decade, localization research has increasingly moved toward
multisensor fusion, combining complementary sensing modalities rather than relying
on any single sensor in isolation [16; 17]. Vision-inertial systems, Light Detection
and Ranging(LiDAR)-inertial odometry, and semantic or map-assisted estimators all
illustrate that localization performance depends on the interaction between sensing
physics, estimation architecture, and environmental structure [18; 19; 20; 21; 22].
This is even more pronounced in distributed systems, where local motion estima-
tion, shared observations, and external infrastructure may all contribute to the final
position estimate.

Sensor heterogeneity is central to this problem. Event cameras provide high
temporal resolution, low latency, and strong performance under difficult lighting or
fast motion, making them attractive complements to conventional cameras and iner-
tial sensors [23; 24; 25]. LiDAR sensors differ substantially in field of view, scan
geometry, point density, and environmental suitability, which means that the behav-
ior of odometry and Simultaneous Localization and Mapping (SLAM) pipelines can
change materially when the sensing platform changes. Global Navigation Satellite
System (GNSS) offers global positioning outdoors but degrades in occluded or urban
environments; Ultra-Wideband (UWB) provides accurate local ranging indoors and
in GNSS-denied settings but remains sensitive to non-line-of-sight effects and in-
frastructure layout [26; 27]; inertial and pedestrian dead reckoning methods provide
continuity but accumulate drift [28; 29; 30; 31; 32; 22]. The motivation for studying
localization in distributed systems therefore lies not only in improving accuracy, but
in understanding how heterogeneous sensors can be fused to achieve robustness and
continuity across changing environments.

A third challenge follows directly from the first two: resilience. As robotic ca-
pability becomes distributed across software nodes, communication channels, and
edge resources, failure can no longer be treated as an exceptional event confined to
a single component. Delayed communication, unavailable services, degraded sensor
processing, or failed containers may all propagate through the system and impair per-
ception, coordination, and localization. Recent work on containerized robotic soft-
ware, Kubernetes-based orchestration, and mixed-criticality deployment has shown
that resilience in robotics increasingly depends on how computation is packaged,
scheduled, monitored, and recovered across the infrastructure that supports the robot
[33; 34; 35; 36; 37; 38]. This is particularly significant in cooperative localization
and multi-robot systems, where the failure of one processing node may affect the
information available to all others [39]. Resilience is therefore not merely a property
of control or estimation algorithms; it is also a property of system architecture and
deployment.

The motivation of this thesis arises from the intersection of these three themes.
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Communication, localization, and resilience are often examined separately, yet in
distributed robotic systems they are deeply interdependent. Communication architec-
ture determines how sensing and coordination are made available across the system.
Localization determines whether the system can act coherently in space, especially
under heterogeneous sensing conditions. Resilience determines whether these capa-
bilities can be maintained when the operating environment, network conditions, or
software infrastructure become adverse. The present dissertation approaches robotic
capability from precisely this integrated perspective.

1.2 Research Objectives

The overall objective of this dissertation is to investigate how robotic capability can
be strengthened in distributed systems through the joint study of communication ar-
chitecture, localization under heterogeneous sensing conditions, and resilient edge
deployment. Rather than treating these as isolated technical domains, the thesis ex-
amines how they interact in ROS 2-based robotic systems that operate across multiple
hosts, multiple sensors, and multiple layers of infrastructure.

More specifically, the thesis pursues three interrelated objectives. First, it seeks
to clarify how architectural choices and communication middlewares affect the ef-
ficiency and reliability of distributed ROS 2 systems in edge-to-edge and edge-to-
cloud settings. Second, it seeks to examine how heterogeneous sensor properties and
multisensor fusion strategies shape localization accuracy, robustness, and continuity
across diverse operating environments. Third, it seeks to determine how container
orchestration at the edge can improve the resilience of distributed robotic localiza-
tion applications when individual services fail. Together, these objectives define the
dissertation’s central concern: how to design distributed robotic systems whose com-
munication, estimation, and recovery mechanisms support one another rather than
fail independently.

1.3 Research Questions

The thesis is guided by the following research questions:

RQ1. How do architectural and communication middleware choices shape com-
munication efficiency and reliability in distributed ROS 2 robotic systems across
edge-to-edge and edge-to-cloud deployments?

RQ2. How do heterogeneous sensor characteristics and multisensor fusion strate-
gies jointly determine localization accuracy, robustness, and continuity in robotic
systems across diverse environments?

RQ3. How can Kubernetes-orchestrated ROS 2 edge deployment enhance the
resilience of UWB-based multi-robot relative localization?

Taken together, these questions move from system architecture to estimation and

3
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then to operational continuity. They are designed to capture the central proposition of
the thesis: that robotic capability in distributed systems emerges from the interaction
of communication, localization, and resilience rather than from advances in any one
of these dimensions alone.

1.4 Structure of the Thesis

This dissertation is a compilation thesis of six scientific articles, referred to as Pub-
lications I-VI throughout the dissertation. Publication I establishes the architectural
background of ROS 2-based edge—cloud robotics. Publication II evaluates commu-
nication middleware in distributed ROS 2 deployments. Publications III-V address
localization from event-based sensing, LiDAR variability, and GNSS, UWB, and
Inertial Measurement Unit (IMU) fusion perspectives. Publication VI investigates
resilience through Kubernetes-based orchestration in a ROS 2 multi-robot system.

Thesis-level aim
Strengthen robotic capability in distributed ROS 2 systems
through the joint study of communication architecture,
multisensor localization, and resilient edge deployment.
|

2 v v

Communication architecture Localization under sensing and Runtime resilience and
and middleware infrastructure variation service continuity

P | Distributed robotic systems in the

edge-cloud continuum with ROS 2 application on odometry

Review of architectures, enabling EEEE 4
technologies, and technology readiness

Survey of event-camera fusion
strategies and challenges

“===» || PVI Resilient ROS 2 multi-robot
localization with Kubernetes

P Il Event-based sensor fusion and

Kas-based orchestration for
P IV Understanding LiDAR variability UW refative positioning under
P Il Communication middleware failures
comparison Benchmark of dome-shaped, sold-state,
CycloneDDS vs MQTT vs Zenoh under and spinning LIDARS
Ethernet, Wi-Fi, and 4G «--> «--->

GNSS / UWB / IMU fusion with

PV seamless outdoor-indoor positioning
ESKF, FGO, and PF

Key message: Middleware
performance is deployment-context
dependent; there is no universally
best choice.

Key message: Orchestration
Key message: Localization quality supports service continuity and

depends on sensor characteristics, recovery under component
estimator structure, and environment failures.

6 Thesis-level synthesis

Robotic capability is a systems property, not only an algorithm property.

0

D Y SN S

Communication, localization, and resilience must be co-designed.

Design choices should be context-aware across network, sensing, and deployment conditions.

The dissertation provides cross-layer evidence for distributed robotic systems.

Figure 1. Overview of the research framework and main contributions.

* Chapter 1 introduces the background, objectives, research questions, and over-
all structure of the study.

* Chapter 2 addresses communication architecture in distributed robotic sys-
tems. It begins by examining the broader ROS 2 edge—cloud context and
then analyzes communication performance through a comparative study of
networking middlewares in multi-host ROS 2 deployments.
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Chapter 3 focuses on localization in distributed robotic systems. It discusses
event-based sensor fusion for odometry, investigates the effect of LIDAR het-
erogeneity on SLAM and point-cloud registration, and examines seamless out-
door—indoor positioning through GNSS/UWB/IMU fusion.

Chapter 4 addresses resilience in distributed robotic systems through a study of
Kubernetes-orchestrated ROS 2 edge deployment for UWB-based multi-robot
relative localization.

Chapter 5 reviews the six publications that form the research core of the dis-
sertation and discusses their scientific contribution as well as the doctoral can-
didate’s contribution.

Chapter 6 concludes the thesis by synthesizing the main findings and outlining
directions for future work.



2 Architectural Foundations and
Communication Middleware in Distributed
Robotic Systems

This chapter synthesizes the architectural and communication-related findings of
Publications I and II. Publication I provides the broader edge—cloud robotics back-
ground, whereas Publication II presents the empirical middleware comparison across
Ethernet, Wi-Fi, and 4G communication settings.

2.1 Concepts of Distributed Robotic Systems
2.1.1  From standalone robots to distributed robotic systems

Robotic systems are more connected, networked, and distributed than ever. There is
a growing intersection between the Internet of Things and robotics, and significant
potential can be found at the intersection of autonomous robots with edge and cloud
computing. This development is leading to a wide range of new architectures, tech-
nologies, and system proposals through which robots can leverage the edge-cloud
computing continuum to enhance autonomy [40], support multi-robot cooperation
and human-robot collaboration [41; 42; 6], and exploit additional computational ca-
pabilities [3; 4; 5; 8].

The benefits of wider adoption of edge and cloud computing paradigms in robotics
are considerable. However, these benefits are not obtained simply by attaching net-
work connectivity to a robot. They require systematic architectural support, deeper
integration with the software tools used in robotics, and communication mechanisms
that remain effective when robotic functions are distributed across several hosts. In
this sense, distributed robotic systems are not merely collections of connected de-
vices. They are robotic systems in which sensing, computation, data exchange, and
coordination are explicitly organised across multiple nodes.

The move from standalone robots to distributed robotic systems is therefore both
a technological and an architectural shift. Earlier systems often assumed that percep-
tion, planning, and control were executed on a single host or within a tightly bounded
robotic platform. Contemporary systems increasingly rely on multiple computers,
remote services, shared infrastructure, and multi-robot interaction. In such systems,
communication is not only a support mechanism but a constitutive part of the robotic
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Figure 2. lllustration of a subset of edge-fog-cloud robotic platforms and tools, and the potential
areas where cloud and edge computing can play a key role for autonomous robots. From
visualization and teleoperation to simulation and online learning, and including fleet management
or computational offloading, connectivity can be leveraged to build more robust and capable
distributed robotic systems.

capability itself.

This shift also changes how robotic capability should be understood. A capa-
bility such as perception, localization, mapping, task allocation, or supervision may
now emerge from the coordinated operation of onboard components, edge servers,
external services, and user-facing tools. The problem is therefore no longer limited
to selecting algorithms; it also includes deciding where functions are executed, how
information is exchanged, and how distributed operation remains manageable under
realistic network conditions.

2.1.2 Edge-fog-cloud Continuum and Crchitectural Requirements

The architectural context of distributed robotic systems is commonly described as an
edge-fog-cloud continuum [1; 2]. In robotics, the edge usually refers to the robot
and the computing resources in its immediate environment, the cloud refers to re-
mote infrastructure with larger computational and storage capacity, and fog comput-
ing occupies the intermediate space by bringing lower-latency resources closer to the
robot [43]. These layers should not be treated as isolated categories, but as a contin-
uum across which robotic functions are placed according to latency, bandwidth, and
resource requirements.

This continuum enables remote visualisation and teleoperation, simulation, on-
line learning, fleet management, and computational offloading [44; 45; 46; 47; 48;
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49; 50; 51]. In practice, most distributed robotic systems are hybrid rather than
purely local or purely cloud-based. Latency-sensitive functions such as sensing,
estimation, and control usually remain close to the robot, while more compute-
intensive or service-oriented workloads may be moved to nearby or remote infras-
tructure [7; 52; 53]. The architectural implication is that distributed robotic systems
must remain modular, support heterogeneous hardware and networking conditions,
and preserve acceptable performance outside ideal laboratory settings.

2.1.3 ROS2 as a Software and Communication Foundation

ROS 2 provides the most relevant software foundation for this type of distributed
robotics. It has become the de facto standard in robotics research and development,
while offering improved support for real-time communication, modular software de-
composition, and multi-host deployment [10]. Its design principles include distribu-
tion, abstraction, asynchrony, and modularity, together with support for embedded
systems, diverse networking conditions, real-time computing, and product readiness.
These properties make ROS 2 not only a development framework, but also an archi-
tectural substrate for robotic systems whose functionality is distributed across nodes,
hosts, and infrastructure layers.

A typical ROS 2 system is composed of distributed nodes that communicate
through topics, services, and actions. This computation model allows robotic func-
tionality to be decomposed into reusable and deployable components while preserv-
ing a coherent programming interface across single-host and multi-host systems. At
the communication layer, ROS 2 relies on DDS through the ROS middleware ab-
straction. DDS provides a data-centric communication model and Quality of Service
mechanisms for expressing reliability, latency, and throughput requirements, while
the abstraction layer separates application logic from the underlying transport im-
plementation [9; 11; 10]. At the same time, some data-intensive robotic workloads,
especially those involving high-quality images or dense point clouds, may require
complementary communication or streaming mechanisms beyond DDS alone [11].
For this reason, ROS 2 should be understood as the common architectural and com-
munication foundation of distributed robotic systems, rather than as the final answer
to every deployment problem.

2.2 Deployment Enablers for Distributed Robotic Sys-
tems

2.2.1 Containerization

Virtualization technologies are among the core foundations of cloud computing.
While virtual machines traditionally formed the backbone of cloud infrastructure,
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container technology has emerged as a lightweight alternative. Containers provide
an environment in which applications can run together with the dependencies they
require, thereby simplifying deployment across heterogeneous platforms [54].

Docker has become one of the dominant containerization platforms. In robotics,
containerization is valuable because it improves portability, reproducibility, and con-
sistency across different devices [55; 56]. A ROS 2 application that has been con-
tainerized can be deployed more systematically on development machines, edge de-
vices, and cloud hosts.

For distributed robotic systems, this is more than a convenience. Containeriza-
tion supports modular deployment and makes it easier to manage software compo-
nents whose functions are already separated at the ROS 2 node level. It therefore acts
as an important practical enabler of distributed robotic architectures.

2.2.2 Orchestration

As containerized applications become distributed across multiple devices, orchestra-
tion becomes necessary. Kubernetes is a platform for orchestrating containers, and
lightweight Kubernetes distributions such as K3S are especially relevant for edge-
side deployments. Kubernetes automates deployment, scaling, and management,
thereby providing a structured way to operate containerized applications across dis-
tributed systems [57].

In the robotics literature, Kubernetes and K3S (Lightweight Kubernetes) have
been used to support cloud-edge deployment of robotic applications, to manage
containerized simulation, and to orchestrate ROS-based software across hierarchical
and heterogeneous hardware architectures. These developments show that orchestra-
tion is increasingly becoming part of the practical deployment stack for distributed
robotics [58; 34; 35; 36; 59].

In the context of this chapter, orchestration is treated as a deployment enabler
rather than as a resilience solution in itself. Its relevance here lies in the fact that it
makes distributed ROS 2 systems practically deployable across the edge-cloud con-
tinuum. Questions of runtime continuity and application-specific fault handling are
treated later in the thesis.

2.3 Communication Middleware for Distributed ROS 2
Systems

2.3.1 Communication requirements in distributed ROS2 sys-
tems

Efficient and reliable communication protocols for distributed systems are in signif-
icant demand with the development of the Internet of Things (IoT) and edge com-

9



Jiagiang Zhang

puting. In robotics and autonomous systems, the wide use of ROS 2 brings the pos-
sibility of utilising various networking middleware solutions together with DDS in
ROS 2 for better communication among edge devices or between edge devices and
the cloud.

The communication problem is intensified by the large amount of data generated
in the system, the heterogeneous devices involved, and the diversity of networking
conditions. In multi-host ROS 2 systems, communication increasingly takes place
over Ethernet, Wi-Fi, or 4G rather than only within a single machine [60; 61]. Under
these conditions, latency, throughput, reliability, and message characteristics become
key design concerns.

A meaningful communication evaluation must therefore consider not only a sin-
gle middleware but a set of middleware options under several network regimes and
with different ROS message types and sizes. This is the basis of the comparative
study discussed in the remainder of this section.

2.3.2 DDS and CycloneDDS

DDS is the default communication middleware of ROS 2 and remains the basis of
the ROS middleware abstraction. It provides a decentralized architecture in which
nodes can communicate directly with each other without relying on a centralized
broker. This architecture, shown in Fig. 3, supports reliability, fault tolerance, and
scalability, and includes Quality of Service (QoS) settings that allow applications to
specify their communication needs [9; 62].

In the middleware comparison considered in this chapter, CycloneDDS is used as
the DDS implementation. The focus is not on comparing all DDS implementations,
but on understanding how a representative DDS-based ROS 2 system performs in
multi-host communication scenarios.

CycloneDDS performs particularly well under Ethernet conditions. This is con-
sistent with the fact that DDS was originally designed to be more suitable for Ether-
net environments than for open or wireless environments. In wired local networks,
multicast-based discovery and peer-to-peer communication can support low-latency
message exchange efficiently [61].

2.3.3 Message Queuing Telemetry Transport (MQTT)

MQTT is a lightweight publish-subscribe protocol designed for constrained devices
and low-bandwidth network environments and has become almost a de facto standard
in the field of IoT. It supports different QoS levels and is widely used for remote
device communication and machine-to-machine interaction [63; 64; 65].

Within distributed ROS 2 systems, MQTT is not a replacement for ROS 2 itself.
Rather, it is a networking middleware that can be combined with ROS 2 in multi-host
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Figure 3. DDS architecture in the ROS 2 system

deployments. This makes it an interesting candidate for edge-to-edge and edge-to-
cloud communication, especially where lower network overhead is desirable.

The architectural logic of MQTT differs from DDS because it is associated more
naturally with broker-based messaging patterns. This gives it certain practical advan-
tages in some loT-oriented settings, but it also changes the communication topology
and dependency structure of the robotic system.

2.3.4 Zenoh

Zenoh is an open-source protocol and suite of tools for data sharing and communi-
cation in distributed systems. It aims to provide a unified approach to data sharing
and communication regardless of the underlying hardware, network topology, or pro-
gramming language. This makes it particularly relevant to distributed robotics in the
edge-cloud continuum [66].

Zenoh provides a data-centric communication model and supports edge-to-edge,
edge-to-cloud, and hybrid environments. In the context of ROS 2 systems, its appeal
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lies in its ability to support discovery-efficient publish-subscribe communication un-
der network conditions in which DDS alone may be effective [15].

Because Zenoh is designed with heterogeneous and distributed deployment in
mind, it is especially suitable for empirical comparison with DDS in multi-host
ROS 2 systems. This is why it is treated in the middleware paper as a serious com-
munication alternative rather than merely a theoretical possibility.

2.3.5 Integration models for multi-host ROS 2 communication

A key architectural aspect of the middleware comparison is that DDS remains the
ROS 2 middleware within each host in all experiments. In the Zenoh and MQTT
experiments, localhost-only DDS is enabled, and a bridge is set between DDS and
Zenoh or MQTT so that DDS publishes or subscribes ROS messages only to or from
the local host. In other words, communication within one host uses DDS, while
communication between two hosts uses Zenoh or MQTT.

This hybrid design is important because it reflects a realistic multi-host integra-
tion pattern. The study is not comparing ROS 2 against completely separate commu-
nication stacks. It is comparing ways of complementing the default ROS 2 middle-
ware with alternative networking middleware for inter-host communication.

Architecturally, this means that middleware selection in distributed ROS 2 sys-
tems is often a matter of composition rather than substitution. Local DDS communi-
cation can be retained, while inter-host communication can be adapted to the network
regime in which the system is deployed.

2.4 Comparative Evaluation of Communication Middle-
ware

2.4.1 Experimental methodology

The comparative evaluation is conducted in a multi-host ROS 2 system under three
network environments: Ethernet, Wi-Fi, and a Zerotier virtualized 4G setup. These
environments represent, respectively, a high-bandwidth low-latency local regime, a
wireless edge-to-edge regime, and an edge-to-cloud-like regime with more restrictive
communication conditions. The experiment setup is shown in Fig. 4.

To provide a complete and reliable comparison, the study measures latency and
throughput using distinct types and sizes of ROS messages. These include arrays
ranging from 1 kB to 2 MB and point cloud messages of comparable size. Messages
are published at 10 Hz. Reliable QoS is used to ensure that the collected data reflects
communication performance rather than avoidable message loss. The performance
tool selected for this research is performance_test [67].

The experimental setup includes two hosts, a router or broker host, the hardware
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Figure 4. Proposed evaluation scheme to test DDS, Zenoh, and Mosquitto in different network
setups

setup shown in Table 1; and a real-robot evaluation with a TurtleBot 4, shown in
Fig. 5, and a laptop connected to the same Wi-Fi network. In the robot experiment,
the laptop sends velocity commands so that the TurtleBot 4 executes four identical
square loops over 96 seconds. The actual trajectory is recorded with an OptiTrack
motion-capture system. This allows the evaluation to extend beyond synthetic bench-
marking and into an actual robotic task.

Table 1. Hardware Setup

Devices System PROCESSOR Memory
Host 1 Ubuntu 20.04 AMD®Ryzen 7 5800h 16GB
Host 2 Ubuntu 20.04  Intel® Core i3-1215U 16GB

Router/Broker Ubuntu 20.04 Intel® Core i7-9700K 64GB

2.4.2 Performance under Ethernet

The Ethernet setup, shown in Fig. 6(a), utilized an Ethernet local network, repre-
senting a high-bandwidth and low-latency environment for Edge-to-Edge commu-
nication. The Local Area Network (LAN) Switch used in Ethernet Local Network
is Unifi Flex Mini. Under Ethernet conditions, CycloneDDS performs best overall.
Mean latency remains lower than that of Zenoh and MQTT across most tested mes-
sage sizes, and throughput is likewise strong. This result is consistent with the design
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Figure 5. The Turtlebot 4 robot used in the experiment with OptiTrack markers on top

expectations of DDS and with its suitability for Ethernet environments.

The Ethernet results show that the default ROS 2 communication basis remains
highly effective in stable wired local networks. In such settings, direct DDS commu-
nication provides a strong baseline and, in the present study, the best performance
among the compared approaches.

This result is architecturally important because it shows that alternative middle-
ware should not be adopted indiscriminately. The empirical evidence supports the
continued use of DDS/CycloneDDS as the preferred choice in wired local deploy-
ments.

2.4.3 Performance under Wi-Fi and 4G

The setups of Wi-Fi and 4G are shown in Fig. 6(b) and (c). The Wi-Fi setup involved
a local network using Wi-Fi connectivity, simulating Edge-to-Edge communication
within a confined area. The Wi-Fi Router is Huawei B593. Lastly, in 4G setup,
we leveraged the Zerotier virtualized network to 4G setup, which emulates Edge-to-
Cloud communication scenarios. In this scenario, for HOST 1 & 2, we used Huawei
4G Dongle E3372 as 4G module, and for broker, we used Netgear 4G LTE Mobile
Router as 4G module. The results change under Wi-Fi and 4G. In both regimes,
Zenoh performs better than CycloneDDS overall, particularly in latency behaviour
and throughput stability. This finding is consistent with the observation that DDS
discovery protocols may cause flooding effects in open or wireless environments
[15; 68; 61].

As message size increases, latency increases for all middleware solutions, but
the wireless and 4G setups expose clearer differences among them. Zenoh shows
more favourable behaviour than CycloneDDS in these environments, while MQTT
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Figure 6. Network setups. The router or broker is for Zenoh and MQTT; DDS does not need an
individual broker.

exhibits significantly higher latency penalties, particularly for larger messages and
more demanding network conditions.

The main design implication is that the network environment strongly influences
middleware performance. CycloneDDS is strongest under Ethernet, while Zenoh is
better suited to Wi-Fi and 4G.

2.4.4 Real-robot trajectory drift evaluation

In the actual robot experiment, shown in Fig. 7, the laptop sends velocity commands
to the TurtleBot 4 so that it follows a square-shaped trajectory over 96 seconds. The
OptiTrack motion-capture (MoCap) system records the actual trajectory, and the drift
between the executed path and the intended repeated loops is used as an additional
performance indicator.

Zenoh demonstrates the closest adherence to the square trajectory, exhibiting
minimal drift and reproducing the desired path more accurately than the other tested
middleware configurations. CycloneDDS and MQTT show greater degrees of drift
over time. This result highlights the fact that communication middleware affects
not only benchmark metrics such as latency and throughput, but also the physical
behaviour of the robot.

This is one of the most important findings of the chapter. It shows that mid-
dleware choice is not only a backend systems issue. It influences embodied robotic
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Figure 7. Actual robot setup. The TurtleBot 4 receives the “/cmd_vel” velocity command from the
HOST to run a square trajectory. The linear velocity is set to 0.33 m/s forwarding, and the turning
velocity is set to 30 degree/s. The OptiTrack MOCAP System is only used to record the
trajectories, which are subsequently employed in calculating the drift errors.

performance and should therefore be treated as part of robotic system design rather
than as an isolated networking decision.
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3 Multisensor Fusion for Localization in
Robotic Systems

This chapter brings together the localization-related contributions of Publications III,
1V, and V. Publication III reviews event-based sensor fusion for odometry, Publica-
tion I'V examines LiDAR heterogeneity through a comparative dataset, and Publica-
tion V evaluates GNSS/UWB/IMU fusion for seamless outdoor—indoor positioning.

3.1 Multimodal Sensors for Localization

Reliable localization in robotic systems rarely emerges from a single sensing modal-
ity. In practical deployments, localization performance is shaped by the complemen-
tary strengths and weaknesses of visual, inertial, ranging, and radio-based sensors.
Cameras provide rich scene information, but their performance degrades under rapid
motion, low illumination, and strong brightness variation. Inertial sensors provide
high-rate motion cues, but inertial integration accumulates drift over time. LiDAR
offers accurate geometric sensing and is widely used for odometry and mapping in
GNSS-denied environments, yet its performance remains sensitive to scene struc-
ture, field of view, scan pattern, and sensor configuration. Outdoor and indoor ab-
solute positioning systems, such as GNSS and UWB, provide globally or locally
referenced position updates, but both are vulnerable to environmental limitations,
including multipath, non-line-of-sight propagation, and partial coverage.

For these reasons, localization in robotic systems is fundamentally a multisensor
problem. Sensor fusion allows motion continuity from inertial sensing, geometry
from LiDAR, scene dynamics from cameras, and bounded absolute corrections from
radio-based positioning to be brought into a unified estimation framework. In this
chapter, multimodal sensing is approached from two complementary perspectives.
The first is sensor-centred and addresses the role of heterogeneous sensing modal-
ities, event-based odometry, and LiDAR variability in localization. The second is
system-centred and examines how GNSS, UWB, and IMU-based pedestrian dead
reckoning can be fused to support seamless outdoor—indoor positioning.
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3.1.1  Sensor modalities for localization

Robotic localization spans a broad spectrum of tasks, from short-horizon odometry
to globally referenced positioning. Odometry estimates the relative motion of the
platform over time, typically from visual, inertial, or LIDAR observations. Global
localization, by contrast, anchors the platform to an external frame through satellite
navigation, infrastructure-based ranging, or map-referenced observations. In realis-
tic robotic systems, these two functions are closely intertwined: odometry provides
continuity, while global measurements limit long-term drift.

Visual sensors remain central to robotic perception and localization. Conven-
tional frame-based cameras provide dense spatial information and support a large
body of methods for feature extraction, matching, and geometric reconstruction.
They are, however, prone to motion blur during rapid motion and perform poorly
in scenes with severe illumination changes. Event cameras introduce a different
sensing paradigm. Instead of recording frames at fixed intervals, they operate asyn-
chronously and report brightness changes independently at each pixel. This sensing
principle provides high temporal resolution, low latency, high dynamic range, and
reduced sensitivity to motion blur, making event cameras particularly attractive for
fast and challenging odometry tasks.

IMUs provide angular velocity and linear acceleration at high frequency and are
therefore indispensable for motion continuity. Their measurements are particularly
valuable when visual or geometric observations become intermittent or degraded.
Nevertheless, inertial integration alone cannot sustain accurate long-term localiza-
tion, because small biases and modelling errors accumulate rapidly. For this reason,
IMUs are typically fused with visual, LIDAR, GNSS, or UWB observations.

LiDAR has become one of the primary sensors for robot localization in GNSS-
denied or unreliable environments. It provides explicit three-dimensional geometric
observations of the environment and is widely used in odometry, SLAM, and point
cloud registration. At the same time, LiDAR is no longer a single homogeneous
sensor category. Spinning LiDARs, solid-state LiDARs, and dome-shaped LiDARs
exhibit different fields of view, scan patterns, spatial densities, and operational trade-
offs. These differences have a direct influence on localization performance and on
the suitability of a given sensor for a particular platform or environment.

GNSS and UWB occupy a different role in the sensing hierarchy. GNSS pro-
vides globally referenced outdoor position information but suffers in urban settings
from signal blockage, multipath, and degradation near buildings. UWB can offer
decimetre-level indoor positioning where anchors are deployed, yet it is sensitive to
non-line-of-sight conditions and is limited to instrumented spaces. In practice, nei-
ther modality is sufficient on its own for continuous localization across environment
transitions. Their value lies in complementing inertial or odometric motion estimates
with absolute updates.
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From a system-design perspective, heterogeneous sensor modalities should not
be viewed as redundant alternatives, but as complementary sources of observability.
Cameras capture appearance and motion cues, event cameras emphasise temporal
change, IMUs stabilise short-term propagation, LiDAR captures geometry, GNSS
provides outdoor absolute reference, and UWB provides local indoor reference. Ro-
bust localization in robotic systems therefore depends not only on estimator design,
but also on the choice, placement, calibration, and synchronization of multiple sens-
ing modalities.

3.1.2 Event-based sensor fusion for odometry

Figure 8. The sensor data representation of a long corridor includes the following: RGB image
(top-left), an event-based camera image (middle-left), a LiDAR point cloud (top-right), and a
LiDAR-generate reflectivity image (bottom). LiDAR data is adapted from [69].

Event cameras are bio-inspired vision sensors that operate fundamentally dif-
ferently from traditional frame-based cameras. Instead of capturing images at fixed
time intervals, event cameras detect changes in brightness asynchronously, resulting
in a stream of events that encodes changes in the scene [70; 71]. This unique sensing
modality provides significant advantages in scenarios involving high-speed motion,
low lighting, or scenes with significant dynamic range, where traditional cameras
may struggle [23].

In the context of robotics and computer vision, sensor fusion involving event
cameras has garnered considerable attention, particularly for enhancing visual odom-
etry and visual-inertial odometry. Fig. 8 illustrates the varying representations of a
long corridor as captured by different sensors, including an RGB camera, LiDAR,
and an event camera. In environments where geometric information is homoge-
neous, such as long corridors, event camera could enhance the performance of Li-
DAR odometry, which is prone to drift [72].

An event at a pixel is triggered when the change in logarithmic brightness ex-
ceeds a predefined threshold [73]. This sensing mechanism differs fundamentally
from the exposure-based acquisition of conventional cameras and leads to four main
characteristics that are particularly relevant to odometry. First, event cameras pro-
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Figure 9. Primary aspects covered in event camera-based fusion for odometry purposes in this
survey.

vide high temporal resolution, because they respond immediately to changes in the
scene rather than waiting for the next frame interval. Second, they exhibit very low
latency, since each pixel operates independently and transmits brightness changes
without global exposure. Third, they offer a much higher dynamic range than con-
ventional cameras, allowing them to function reliably in scenes with strong bright-
ness variation. Fourth, event cameras are inherently resistant to motion blur, which
is especially beneficial for fast-moving robotic platforms.

These properties make event cameras particularly suitable for sensor fusion. The
primary motivation for using event cameras in odometry is their ability to provide
continuous, low-latency information that complements the limitations of traditional
sensors. Frame-based cameras are prone to motion blur during rapid movements,
while IMUs suffer from drift over time. LiDAR-based odometry, although gener-
ally more robust to lighting changes, can degrade in environments where geometric
structure is weak or repetitive, such as long corridors. Event cameras can provide
complementary visual dynamics in such cases and help mitigate these weaknesses.

The earliest event-based pose estimation methods relied on event cameras alone.
Early work demonstrated that asynchronous events could support robot self-localization
and, later, simultaneous localization and mapping [74; 75]. These studies established
the feasibility of using event streams for motion estimation, but the limited spatial
structure in event-only representations meant that purely event-based odometry re-
mained comparatively niche.

Fusion with frame-based cameras became a more natural and productive direc-
tion [76; 77; 78]. Combining event cameras with frame cameras allows high temporal
resolution to be paired with more structured scene information. Event data can re-
duce blur, recover temporal detail between frames, and improve tracking in dynamic
conditions. In odometry, this fusion enables low-latency feature tracking and more
robust pose estimation than frame-only methods. Low-latency event-based visual
odometry systems demonstrated that asynchronous event streams could be used for
real-time odometry in conditions where conventional vision pipelines struggle.

Fusion with IMUs is particularly attractive because the two modalities are nat-
urally complementary [79; 80; 81; 82; 24; 83; 84]. The IMU provides high-rate
inertial information that supports motion prediction and short-term continuity, while
the event camera contributes visual observations that remain informative under rapid
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motion and high dynamic range. Event-based visual-inertial odometry has there-
fore become one of the most important branches of event-based fusion research.
Continuous-time visual-inertial formulations further exploited the asynchronous na-
ture of event data and demonstrated that event-camera and IMU fusion can achieve
accurate and robust odometry even in highly dynamic or difficult lighting conditions.
More recent work has introduced adaptive filtering and uncertainty-aware schemes
to improve resilience to noise and motion irregularities.

Stereo event-camera systems extend the idea further by enabling depth percep-
tion through synchronized asynchronous sensing [85; 86; 87; 88; 89; 90; 91; 92; 93;
94]. Event-based stereo visual odometry and stereo visual-inertial odometry have
shown that stereo event cameras can support three-dimensional reconstruction and
motion estimation in real time. Semi-dense and feature-based methods have both
been explored, and recent systems have continued to improve the robustness and
practicality of stereo event-based localization.

Fusion with LiDAR remains a relatively early but highly promising direction [95;
96; 97; 98]. LiDAR technology generates precise three-dimensional maps and highly
accurate odometry information, but it operates at a lower rate and can struggle when
geometric information is homogeneous or partially missing. Event cameras offer a
complementary sensing mechanism that may help alleviate these limitations. Initial
research has focused strongly on calibration, as accurate extrinsic alignment between
event cameras and LiDAR is essential for meaningful fusion. Beyond calibration,
event data has also been fused with sparse LiDAR to generate denser depth informa-
tion. More broadly, event cameras may serve as a bridge between RGB and LiDAR
modalities in visual-motion fusion tasks, owing to the homogeneous relationship be-
tween event, image, and geometric motion cues.

Recent datasets have supported this growing line of research. Event-camera
datasets for odometry, shown in Table 2, now include indoor scenes, driving sce-
narios, handheld trajectories, and stereo event-camera sequences. Many of these
datasets combine event cameras with RGB cameras, IMUs, LiDAR, and GNSS, en-
abling controlled evaluation of event-based fusion pipelines. Their emergence has
contributed substantially to the maturation of the field.

Table 2. Event camera-based dataset related to odometry

Year Dataset Name Scenarios Sensors

2024 CoSEC [99 Driving scenarios Event Camera, LIDAR, RGB Camera, IMU, GNSS

2023 ECMD [100 Driving scenarios Event Camera, LIDAR, RGB Camera, Infrared Camera, IMU, GNSS
2023 UNIZG-FER LAMOR [89| Indoor handheld & Outdoor Driving ~ Stereo Event Camera, LiDAR, IMU, GNSS

2022 Evimo2 [101 Indoor Scenes Stereo Event Camera, IMU

2021 DSEC |25 Driving scenarios Stereo Event Camera, LIDAR, RGB Camera, IMU, GNSS

2018 MVSEC [102 Handheld, UAV & Driving Stereo Event Camera, LiDAR, VI-Sensor, IMU, GNSS

2017 DAVIS Datasets [ 103 High-speed robotics Event Camera, RGB Camera, IMU

From the perspective of robotic localization, the main significance of event-based
sensing lies not in replacing established sensing modalities, but in extending their op-
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erating envelope. Event cameras are especially valuable when rapid motion, low
light, and strong brightness variation challenge conventional imaging. In visual
odometry or visual-inertial odometry, they help mitigate motion blur and improve
temporal responsiveness. In LiDAR-related localization, they have the potential to
compensate for the loss of geometric information by providing complementary pho-
tometric cues. Their role in multisensor fusion is therefore best understood as that of
an enabling modality that strengthens the continuity and robustness of odometry in
demanding environments.

3.1.3 Multi-modal sensor platform and LiDAR variability

While event-based odometry highlights the value of heterogeneous visual sensing,
a similar argument applies within LiDAR itself. LiDAR is often treated as a single
modality in the localization literature, yet recent developments show that different
LiDAR types can exhibit substantially different localization behaviour. This is par-
ticularly important in robotic systems, where cost, form factor, field of view, and
power consumption often constrain sensor selection as strongly as raw performance.

LiDAR technology has seen significant advancements in recent years, leading to
the development of both high-end spinning LiDARs and more affordable solid-state
options [104; 21]. Traditional spinning LiDARs, such as those from Velodyne and
Ouster, continuously scan the environment with a rotating mechanism and are widely
used due to their accuracy and wide Field of View (FoV) [105]. Solid-state LiDARs,
by contrast, employ no moving parts and instead rely on alternative beam steering
or non-repetitive scanning mechanisms, resulting in more compact and robust de-
signs. Among these, Livox sensors have received increasing attention due to their
cost-effective construction and distinctive scan patterns [106]. The Livox Avia pro-
vides a limited FoV, while the Livox Mid-360 features a dome-shaped design with
a 360°horizontal FoV and a vertical span of approximately 25°. This design makes
the Mid-360 particularly attractive for portable mapping systems, unmanned aerial
vehicles (UAV), and GNSS-denied environments [107].

These developments motivate a platform-level view of multimodal localization.
A synchronized multi-sensor platform makes it possible to compare sensing modal-
ities fairly and to investigate how sensor-specific characteristics affect localization
performance. In the present context, a representative platform consists of multiple
LiDARs mounted on the same robotic base together with additional sensors such as
an RGB-D camera and an IMU. Such a design allows data from different LIDAR
categories to be collected under identical motion and environmental conditions. This
is particularly valuable because many existing datasets focus mainly on spinning Li-
DAR systems, while datasets that combine spinning, solid-state, and dome-shaped
LiDARs on the same platform remain rare [108; 109; 110; 111; 112; 113].

A platform-centred dataset design also enables more systematic evaluation of

22



Multisensor Fusion for Localization in Robotic Systems

3 e “vgra >

i .

i

g Livox Avia =

Figure 10. The hardware used for the data collection.

calibration and synchronization. In one such configuration, shown in Fig 10, the
moving platform is a Unitree B1 quadruped robot equipped with Livox Mid-360
and Avia, Ouster OS0-128, RealSense L515, DV Xplorer, Linktrack AoA, and Xsens
MTi-680G sensors. Point clouds from each LiDAR are first approximately aligned
through manual measurements and subsequently refined through optimization-based
registration, such as Generalized Iterative Closest Point (ICP). Temporal synchro-
nization can be achieved using the Precision Time Protocol when hardware trigger-
ing is unavailable, while running sensor drivers and data-logging programs locally on
a high-performance computer helps reduce additional latency. Such calibration and
synchronization procedures are essential for meaningful cross-sensor comparison.

The importance of LiDAR variability becomes especially clear once data are
collected across diverse environments. Indoor scenes typically emphasise structured
geometry, shorter sensing ranges, and fine spatial detail, whereas outdoor scenes
introduce mixed natural and built structures, occlusions, and much longer-range ob-
servations. In one dataset design, indoor sequences are collected inside a controlled
factory-like facility with motion-capture ground truth, while outdoor sequences are
gathered in road-like and forest-neighbourhood environments with GNSS/Real-Time
Kinematic (RTK)-supported ground truth. This pairing of indoor and outdoor data is
crucial, because the same LiDAR characteristics that are advantageous in one envi-
ronment may become less effective in another.

The dataset design also supports two complementary types of localization anal-
ysis. The first is LIDAR-based odometry and SLAM benchmarking. Here, multi-
ple state-of-the-art pipelines can be evaluated across identical sequences collected

23



Jiagiang Zhang

from different LiDARs. This makes it possible to examine how different scan pat-
terns, fields of view, and spatial densities interact with distinct SLAM architec-
tures. Methods such as FAST-LIO2, FASTER-LIO, S-FAST-LIO, FAST-LIO-SAM,
and GLIM cover direct scan-to-map odometry, lightweight variants, loop-closure-
enhanced pipelines, and globally optimized range-inertial frameworks. Even without
entering the result discussion, such benchmarking establishes an essential method-
ological point: localization behaviour depends on both the sensor and the odometry
pipeline, not just on one or the other in isolation.

The second analysis concerns point cloud matching in IMU-free settings. Mod-
ern LiDAR odometry is often tightly coupled with inertial sensing, which can ob-
scure the independent influence of LIDAR geometry on scan registration. To address
this, point cloud matching can be evaluated separately using classical ICP variants.
Point-to-point ICP minimizes Euclidean distances between corresponding points and
is computationally simple, but it is sensitive to noise, outliers, and sparsity. Point-to-
plane ICP incorporates local surface normals and is often more effective in structured
scenes dominated by planar surfaces. Hybrid ICP combines the two error terms, al-
lowing the weighting to adapt to scene characteristics. These methods provide a
useful way to analyse the effect of LIDAR variability on geometric registration inde-
pendently of inertial propagation.

A fair comparison across LiDARs also requires careful control of preprocessing
and hyperparameters. Range constraints, correspondence thresholds, and conver-
gence criteria must be selected consistently across methods and environments. In
this way, the focus remains on how sensor characteristics influence local registration
and odometry rather than on implementation-specific tuning artefacts.

The broader implication of this subsection is that multimodal localization de-
pends not only on combining different sensor categories, but also on understand-
ing variability within each category. LiDARs differ in resolution, scan regularity,
field of view, and effective sampling pattern. These differences affect localization
performance, portability, and deployment suitability. A dome-shaped low-cost sen-
sor may provide highly competitive performance in some indoor or cluttered con-
ditions, while a long-range solid-state sensor may be more advantageous in open
spaces, and a spinning LiDAR may remain more compatible with pipelines devel-
oped around structured scan assumptions. Consequently, LiDAR-based localization
in robotic systems must be understood as a sensor-dependent problem rather than as
a modality-independent one.

3.2 Seamless Outdoor—Indoor Positioning with GNSS/UW-
B/IMU Fusion

Localization across outdoor—indoor transitions remains challenging because GNSS,
UWB, and inertial pedestrian dead reckoning are complementary yet individually
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fragile under signal blockage, multipath, non-line-of-sight propagation, and drift [22;
27; 28; 114]. Outdoors, GNSS provides globally referenced positions but suffers in
urban areas from signal blockage, multipath, and dilution of precision near build-
ings [115]. Indoors, GNSS is largely unavailable; UWB can deliver accurate local
positioning where anchors are deployed, but offers only local coverage and is sen-
sitive to non-line-of-sight bias [116; 29]. Inertial sensing provides high-rate self-
contained motion tracking, yet pure integration drifts over time [117; 118]. In prac-
tice, maintaining continuous localization as a user traverses doorways, corridors, and
urban canyons therefore requires principled fusion of these modalities together with
environmental knowledge that constrains physically plausible motion.

3.2.1 Proposed Pedestrian Positioning System

The proposed pedestrian positioning system, shown in Fig. 11, combines GNSS,
UWB, and IMU-based pedestrian dead reckoning within a unified wearable architec-
ture. A chest-mounted platform carries a Raspberry Pi 5, a GNSS module, an Xsens
MTi-300 IMU, and a Decawave DWM1001 UWB tag. The system is designed for
scenarios such as industrial campuses or urban research sites, where a user moves
intermittently between open-sky outdoor areas and an indoor building instrumented
with UWB anchors.

GNSS receiver GNS.S
position
UWB anchors & Trilateration Extended
tags position Kalman filter

Map constraint

PDR Foxglove GUI
IMU .
position
Fusion layer Qutput &
Sensor layer Positioning layer (Map-constrained EKF) visualization layer

Figure 11. Proposed evaluation scheme in the seamless outdoor-indoor fusion localization study

At the sensing level, GNSS provides outdoor absolute position information, UWB
provides indoor absolute position information through trilateration, and the IMU pro-
vides the basis for pedestrian dead reckoning. All measurements and estimates are
represented in a local East—North—Up frame anchored to the test site. In this ar-
chitecture, chest-mounted IMU-based Pedestrian Dead-Reckoning (PDR) forms the
motion backbone, while GNSS and UWB supply environment-dependent absolute
corrections.

The PDR front-end operates in a step-triggered manner, shown in Fig 12. Steps
are detected from the band-pass filtered dynamic acceleration magnitude within the
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normal walking frequency range. Step length is estimated using a Weinberg-style
relation driven by the peak—trough amplitude of the walking cycle, and heading is
obtained from the IMU and magnetometer orientation estimate. The resulting hori-
zontal displacement increment is then expressed in the local frame. This formulation
is particularly suitable for pedestrian positioning because it limits the accumulation
of drift over short walking horizons while maintaining sufficiently high temporal
responsiveness for fusion back-ends.

N A

IMU Step detection > Ste;.) Lquth

Estimation

> Heading
A 4
> E PDR
Wis the heading: Yaw Position
(a) (b)

Figure 12. PDR scheme.

GNSS and UWB serve distinct but complementary roles. GNSS provides glob-
ally referenced absolute updates outdoors. UWB provides local ranging information
indoors, where surveyed anchors are available. The UWB deployment used six UWB
nodes in total, as summarized in Table 3. Four nodes were deployed as static refer-
ence nodes around the outdoor—indoor transition area and are reported using WGS84
latitude—longitude coordinates, while the remaining two nodes were used as mobile
or movable tags without fixed coordinates across all experiments. One mobile tag
was mounted on the chest-worn positioning platform together with the IMU and
GNSS receiver, and the other movable tag was placed at experiment-dependent po-
sitions. All UWB nodes were placed at approximately 1.5 m above the ground or
floor level. Since the static reference nodes and mobile tags were deployed at ap-
proximately the same height, the UWB geometry mainly constrained the horizontal
position, while the vertical component was weakly observable from UWB ranging
alone. Therefore, the positioning analysis focuses on the horizontal position, and
the vertical component is treated as a deployment parameter rather than a primary
estimated state. In the proposed system, indoor absolute positions are produced by a
UWSB trilateration node and then fused together with PDR increments. The system
therefore avoids relying on a single sensing modality across all environments and
instead adapts the source of absolute correction to the operating context.

A distinctive feature of the framework is the use of a lightweight map-based
feasibility constraint derived from OpenStreetMap building footprints. At runtime,

26



Multisensor Fusion for Localization in Robotic Systems

Table 3. UWB node deployment used in the outdoor—indoor positioning experiment. Nodes 1—4
were deployed as static reference nodes and are reported using WGS84 latitude—longitude
coordinates. The chest-mounted node moved with the pedestrian platform, while the auxiliary

movable node had experiment-dependent positions.

Node Role Latitude Longitude

Node 1 Static reference  60.4451347746 223150171616

Node 2 Static reference  60.4451876168 22.3150951445

Node 3 Static reference  60.4452319196 22.3149719963

Node 4 Static reference  60.4451783693 22.3148938767
Chest-mounted node Mobile tag Trajectory-dependent Trajectory-dependent
Auxiliary movable node  Movable tag Experiment-dependent  Experiment-dependent

building polygons are queried and treated as environmental priors. Most building in-
teriors are considered non-navigable, while the designated UWB-instrumented build-
ing is explicitly allowed as a free-space region. This simple prior introduces a prac-
tical form of environmental awareness into the fusion process. It prevents physically
implausible corrections, such as GNSS updates that spuriously place the user inside
a non-accessible building near a facade, while still allowing motion within the indoor
UWB-covered structure.

The positioning framework is implemented in ROS 2 and runs in real time on
the wearable platform, shown in Fig. 13c. The ROS 2 implementation handles data
acquisition, time synchronization, coordinate conversion, trilateration, state estima-
tion, and logging. For visualization and monitoring, the system uses Foxglove to
display the fused trajectories, raw GNSS positions, UWB updates, map overlays,
and estimator-specific outputs. This unified interface is particularly useful around
transition regions, where the behaviour of the estimator can be assessed directly dur-
ing doorway crossing and building-entry sequences.

The proposed system is therefore not simply a loose combination of sensors, but
a structured positioning architecture in which the motion model, absolute measure-
ments, and environmental feasibility constraint are designed to work together. The
IMU stabilizes short-horizon motion, GNSS and UWB provide complementary ab-
solute references, and map information suppresses physically implausible updates
near transitions. This design forms the basis for the comparative study of the three
probabilistic fusion back-ends.

3.2.2 Fusion back-ends: EKF, FGO, and PF

To compare filtering, smoothing, and sampling paradigms under consistent sensing
conditions, the system implements three probabilistic back-ends: a planar error-state
extended Kalman filter, a sliding-window factor graph optimizer, and a particle fil-
ter. All three methods share the same chest-mounted PDR front-end and consume
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Figure 13. Overview of map constraints and the chest-mounted sensor platform.

the same absolute position updates from GNSS and UWB trilateration. This com-
mon front-end ensures that the differences observed among the methods originate
primarily from the estimator back-end rather than from the sensing or preprocessing
pipeline.

The error-state extended Kalman filter is designed as a lightweight recursive es-
timator, shown in Algorithm 1. Instead of integrating raw inertial acceleration di-
rectly, it treats the PDR displacement as the primary motion input and uses GNSS
or UWB measurements as position corrections. In this formulation, the state typi-
cally contains position, velocity, attitude, and a covariance matrix representing the
uncertainty of the error state. During propagation, the filter updates the nominal state
using the PDR increment and propagates the covariance through the linearized pro-
cess model. During correction, absolute measurements are transformed into the local
frame and incorporated through the Kalman gain. This design yields high computa-
tional efficiency and structured real-time behaviour, making it attractive for wearable
or embedded deployments.

The factor graph optimization back-end formulates localization as a local smooth-
ing problem over a sliding window, shown in Algorithm 2. Consecutive states are
connected by PDR between-factors, while GNSS and UWB updates are introduced
as absolute position factors. A weak anchor prior is commonly added to stabilize
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the graph numerically, and window pruning keeps computational growth bounded.
Compared with filtering, this approach allows later measurements to refine earlier
states within the active window. This can be advantageous in transition regions or
during intermittent measurement availability, because the graph can exploit temporal
consistency over a short horizon rather than committing irreversibly to each recursive
update.

The particle filter represents the posterior distribution through a set of weighted
particles, shown in Algorithm 3. In this implementation, particles are propagated
when steps are detected, using the same PDR displacement increments that drive
the other back-ends, but with stochastic perturbations added to represent uncertainty.
When an absolute position fix becomes available, the weight of each particle is up-
dated using the GNSS or UWB measurement likelihood. Degeneracy is monitored
through the effective sample size, and resampling is triggered when the particle set
becomes overly concentrated. This sampling-based formulation is especially useful
when the posterior is strongly nonlinear, multimodal, or affected by non-Gaussian
error characteristics, which can occur in challenging GNSS or UWB conditions.

The parameters of the above algorithms are shown in Table 4.

The map-based feasibility constraint is implemented consistently across all three
back-ends, but its practical role differs slightly in each case. In the ESKF, an im-
plausible GNSS update can be rejected or projected to the nearest admissible region
before correction. In the factor graph, the constraint can be expressed as a feasibility-
aware penalty or gating mechanism that discourages state estimates inside forbidden
regions. In the particle filter, particles violating the building-occupancy rule can be
assigned near-zero likelihood. Although these mechanisms differ operationally, they
all serve the same purpose: to regularize the solution near building boundaries and
to reduce the influence of multipath-driven or otherwise physically implausible ab-
solute measurements.

From a methodological standpoint, the three back-ends reflect different philoso-
phies of sensor fusion. The ESKF emphasizes computational efficiency and a tightly
managed prediction—update cycle. The factor graph optimizer emphasizes local con-
sistency and delayed refinement within a sliding horizon. The particle filter empha-
sizes representational flexibility in the face of strong nonlinearities or ambiguous
transition conditions. Their inclusion in the same system makes it possible to exam-
ine how estimator choice influences seamless outdoor—indoor positioning when the
sensing and motion front-end remain otherwise unchanged.
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Algorithm 1 PDR-driven ESKF

1: State: (pesta Vest Qest, P)

2: Error: [6p, 0v,86], P € R9¥9

3: Init from first accepted absolute fix

4: for each IMU/PDR sample do

5. Ap«pPPR — pPDR

6: Pest ¢ Pest + AP; Gest qPDR

7. P«FPF' +LQLT

8: end for

9: for each absolute fix (GNSS/UWB) do
10: z <—geodetic2enu(zrra)
11: K«PH'(HPH' +02, !
12: 0x+K(z — pest)
13: Pest < Pest T 0P; Vest ¢ Vest + 0V
14: Qest <— EXP((SO) @ Gest
15: P+~ (I-KH)P
16: end for

Algorithm 2 Sliding-window FGO

1: Node: Ty, = [:Ek, Yk 2k Qﬁk}T, window W

2: Wait first absolute fix; add prior ryhor = To — ’i‘o
3: for each confirmed step k do

4 Auy, = [Ax, Ay, Az, Ap]T
5 Add node guess Ty, + Tx_1 ® Auy

6 Add Between: rppr = between(Ty_1, T) — Aug
7: if absolute fix available then
8

9

Add Position: raps = [Tk, Yk, 2] T — D
: end if
10: if nodes > W then
11: Prune stale factors; weak-anchor oldest node
12: end if

13: Optimize: min ) | ”rpriorH2 +> HrpDRH2 +>° HrabsH2
14: end for
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Algorithm 3 Step-driven Particle Filter

. Particle: x¥) = [z,y, 2,9 T, weights w®, N

1
2: Init at first absolute ENU fix; w(® « 1/N
3: for each confirmed step k£ do
& Apep™R_ pIDR Ay wrap(yrPR — yIDk)
5: fori < 1— Ndo
6 p@«p® + Ap +¢,
7 P —wrap(® + Ay + €)
8 end for
9 if absolute fix p available then
0 di e - p) TR (pl) - p)
11: w® 1w exp(— %di(;)); normalize
12: ESS«+ 1/, (w)?; resample if ESS < 7N
13: end if
14: %3 w?x0)
15: end for

Table 4. Key back-end parameters used in the released ROS 2 implementations.

Item ESKF FGO PF
Model params vary = 1,var, =1 Oodom,zy = 0.25m, Oprop,ay = 0.18m,
Oodom,z = 04m, Oprop,z = O()5m,

Measurement noise
Backend hyper-
params

VargNss = 10
(std~3.16m),

VaruwaB = 0.25
(std=0.5m)

Nsiip = 5 (UWB); skip
GNSS once UWB avail-
able

Oodom,yp = 10°
GNSS: 04y =3m, 0, =

5m; UWB: 0,y = 1m,
o, = 1m
W = 80; iters=5; an-

chor: 0zy = 2m, 0, =
3m, oy = 45°; Huber
6=1

Oprop,yp = 6°

GNSS: 04y =3m, 0. =
5m; UWB: 0;, = 1m,
o, = 1m

N = 250; resample if
ESS < 0.5N

3.2.3 Experimental Setting and Visualization

The experimental setting is designed to evaluate the positioning framework in indoor,
outdoor, and outdoor—indoor conditions under a consistent hardware and software
configuration. The wearable platform integrates the chest-mounted IMU, GNSS re-
ceiver, UWB tag, and embedded computing unit. All sensor data are acquired and
synchronized through ROS 2, and the outputs of the three fusion back-ends are pub-
lished using consistent message interfaces.

The test environment consists of a campus-like outdoor area connected to an
instrumented indoor laboratory building. This arrangement supports three represen-
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tative scenarios. The first is an indoor experiment, where UWB and PDR are used
together and the trajectory remains inside the anchor-equipped building. The second
is an outdoor experiment, where GNSS and PDR are used together in open or semi-
urban outdoor space. The third is a seamless outdoor—indoor experiment, in which
the pedestrian moves from outdoor GNSS coverage into the UWB-covered indoor
building and back across transition zones.

The ground-truth configuration is adapted to the measurement conditions of each
scenario. Indoors, a motion-capture system provides high-precision reference trajec-
tories aligned to the same local coordinate frame. Outdoors, a Real Time Kinematic
capable GNSS reference provides accurate trajectory ground truth. For the seamless
trial, the reference trajectory is assembled consistently across the two environments,
allowing continuous accuracy and continuity assessment through transition regions.

The software environment is based on Ubuntu 20.04 and ROS 2. The three esti-
mators operate on the same ROS 2 sensing streams, and their outputs can be logged,
replayed, and visualized uniformly. This ensures that the comparison remains con-
trolled not only at the algorithmic level but also at the middleware and systems level.
The implementation is intended for real-time operation on an embedded wearable
platform rather than offline post-processing only.

Visualization is performed through a unified Foxglove dashboard [119]. The in-
terface displays raw GNSS fixes, UWB positions, fused trajectories from the ESKF,
FGO, and PF pipelines, map overlays, and PDR step events. This dashboard plays a
particularly important role in transition scenarios, where estimator behaviour around
doorway crossings, facade-adjacent GNSS degradation, and intermittent UWB vis-
ibility can be examined in a temporally aligned manner. It also supports offline
inspection of estimator consistency and sensor interaction.

A representative visualization setup includes building polygons obtained from
OpenStreetMap, the designated feasible indoor region, and the trajectories produced
by the three estimators. The pedestrian platform, together with the map constraint,
thus forms a complete closed-loop evaluation environment: sensing, state estimation,
environmental prior, and visualization are all integrated within the same ROS 2-based
framework.
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4 Resilient Localization in Distributed
Robotic Systems

Distributed robotic systems are increasingly expected to operate across heteroge-
neous hardware platforms, multiple network domains, and dynamically changing
environments. In such systems, resilience is not an auxiliary property but a pre-
requisite for dependable operation. Communication, computation, and perception
may all be distributed across robots, edge devices, and external infrastructure; as
a result, the failure of a single software component or edge node can propagate
through the system and compromise the availability of higher-level robotic capabil-
ities. Within this dissertation, resilience is therefore treated as a systems capability
that complements communication and localization. While the preceding chapters ad-
dress communication-aware deployment and localization under heterogeneous sens-
ing conditions, the present chapter examines how distributed robotic systems can
preserve operational continuity when software nodes fail during execution.

This chapter draws on two complementary lines of work. The first concerns
distributed robotic systems in the edge-cloud continuum and the technologies that
enable containerized robotic applications to run at the edge or in the cloud. This
section is summarized from the corresponding content of Publication I. The second
concerns a ROS 2-based multi-robot localization application in which Kubernetes is
used to orchestrate distributed error-mitigation and localization nodes under induced
failures. This section summarizes the work from Publication VI. The objective of
the chapter is not to reproduce the full experimental results of the appended article,
but to establish the conceptual background, system architecture, and evaluation logic
through which resilience is examined in this dissertation.

4.1 Resilience as a Capability in Distributed Robotic
Systems

Robotic systems are more connected, networked, and distributed than ever. Much
potential can be found at the intersection of autonomous robots with the edge and
cloud domains. This is leading to a myriad of new architectures, technologies, and
proposals for robots to leverage the edge-cloud computing continuum to enhance au-
tonomy, drive multi-robot cooperation and human-robot collaboration, and provide
additional computational capabilities. At the same time, the increasing connectivity
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and distribution of robotic systems introduce new operational dependencies and new
failure modes. A distributed system that achieves high functional performance in
nominal conditions may still remain brittle if it cannot sustain operation under com-
ponent failures, intermittent communication, or heterogeneous resource constraints.

In the context of distributed robotics, resilience may be understood as the system-
level ability to continue providing an acceptable level of service despite faults, degra-
dation, or changing operational conditions, and to recover from disruptions with lim-
ited human intervention. This understanding is broader than algorithmic robustness
alone. It encompasses how computation is distributed, how software components
are deployed, how failures are detected, and how execution is restored once disrup-
tion occurs. In practice, resilience in distributed robotic systems is inseparable from
modularity, orchestration, and recoverability. A resilient multi-robot system must not
only exchange information across several hosts, but must also tolerate partial failures
without collapsing the broader task pipeline.

The edge-cloud continuum provides both opportunities and challenges in this
regard. On the one hand, connectivity can be leveraged to build more robust and
capable distributed robotic systems, enabling remote visualization and teleopera-
tion, large-scale simulation, fleet management, and computational offloading. On
the other hand, the distribution of perception, inference, and control across mul-
tiple hosts raises concerns regarding live migration, interoperability, elasticity, de-
centralization, and enhanced autonomy under unstable connectivity. The ability to
distribute workload dynamically can bring more robustness and resilience to multi-
robot systems by optimizing computational resources, but these systems exhibit a
higher degree of dynamism than more typical cloud or edge clusters. For this reason,
resilience must be framed at the architectural level rather than only at the level of
individual algorithms.

Within ROS 2-based robotic systems, this problem becomes especially visible
in tightly coordinated, multi-agent applications. ROS 2 has become the de facto
standard for robotic systems, offering a distributed architecture that is particularly
well suited for multi-robot applications. Multi-robot systems have significantly bene-
fited from ROS 2’s features, including real-time communication, modular node man-
agement, scalability, and seamless inter-robot data exchange. However, deploying
ROS 2 applications across heterogeneous hardware platforms remains a complex
task, especially in scenarios that require tightly coordinated, multi-agent systems.
In such cases, the failure of a single agent can propagate disruptions throughout
the system. Ultra-wideband-based relative multi-robot localization is a representa-
tive example, because inter-robot dependencies are essential for maintaining accurate
relative positioning [39].

34



Resilient Localization in Distributed Robotic Systems

4.1.1 ROS 2 for distributed robotics

ROS 2 is a revamped version of the original ROS middleware and has been under
development for more than half a decade. Its design principles include distribution,
abstraction, asynchrony, and modularity. These characteristics are tightly related to
the current reality of connected and decentralized robotic systems, which are mov-
ing from single robots to fleets, and from single-host computing to architectures
distributed across the edge-cloud continuum. At the same time, this new reality
brings additional design requirements. ROS 2 must support built-in security, em-
bedded systems, diverse networking conditions, real-time computing, and product
readiness. These requirements correspond closely to the demands of resilient system
architectures, which must tolerate alternating network conditions and heterogeneous
computing hardware without compromising essential functionality.

A typical ROS 2 system is composed of a number of distributed processes, or
nodes, ranging from sensor drivers to algorithm implementations, high-level decision-
making modules, and external interfacing or control logic. ROS 2 nodes commu-
nicate through several communication patterns: topics as an asynchronous publish-
subscribe framework, services as synchronous request-response patterns, and actions
as asynchronous interfaces with a request-feedback-response structure well suited to
physical actions that require time and interaction with the environment. In addition,
ROS 2 provides a series of abstraction layers, with the communication middleware
relying on implementations of the industry-standard Data Distribution Service pro-
tocol.

These features make ROS 2 a natural substrate for distributed robotics, but they
do not by themselves guarantee resilience. In practice, the distributed nature of
ROS 2 exposes the system to multiple forms of fragility. Discovery traffic, quality-of-
service policies, and middleware behavior interact with the characteristics of wired
and wireless networks. The data-intensive nature of DDS, together with the high-
density and uncompressed raw data produced by certain sensors, can complicate di-
rect computational offloading from edge to cloud. In multi-host deployments, node
failures, host unavailability, and network instability may interrupt the flow of infor-
mation required by higher-level robotic tasks. Consequently, ROS 2 provides the
modular and distributed execution model required for resilient systems, but addi-
tional deployment and orchestration mechanisms are needed if resilience is to be
achieved at runtime.

From the perspective of this dissertation, ROS 2 is therefore not merely a mid-
dleware choice but an enabling layer for resilient distributed execution. It supports
the decomposition of robotic applications into modular nodes, the distribution of
these nodes across heterogeneous devices, and the explicit management of inter-node
communication. This modularity is a precondition for resilience, because software
components can only be recovered, restarted, or relocated effectively when they are
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sufficiently encapsulated and separated in the first place.

4.1.2 Kubernetes and K3S for edge orchestration

Virtualization technologies are among the core foundations of cloud computing [54].
Whereas virtual machines long provided the backbone of cloud deployment by of-
fering virtualized operating systems, containers introduced a significantly lighter-
weight solution. Containers allow an application to run in an environment together
with all required dependencies, thereby reducing deployment friction and improving
reproducibility across hosts. Docker and Kubernetes have revolutionized virtualiza-
tion techniques and cloud computing, and both are leading container orchestration
tools. Docker provides a runtime and packaging platform through which applications
can be built, deployed, and executed as containers. Kubernetes, originally developed
by Google, provides a platform for orchestrating such containers.

In robotics, the relevance of containerization extends beyond convenience. Dis-
tributed robotic systems operate across heterogeneous hardware platforms and fre-
quently rely on software stacks with tightly coupled dependencies. Containerization
offers a practical means of encapsulating these dependencies while preserving porta-
bility and repeatability across edge and cloud environments. In this sense, containers
support resilience indirectly by making redeployment more deterministic and by re-
ducing the amount of system-specific intervention required when a component fails.

Kubernetes adds a further layer of significance because it automates deployment,
scaling, monitoring, and management of containerized applications. In resilience-
oriented deployments, this means that orchestration can be used not only to start
application components, but also to detect failures and restore service through self-
healing mechanisms. Lightweight distributions such as K3S are especially relevant
for robotics because they retain the core orchestration semantics of Kubernetes while
reducing resource demands, making them suitable for edge clusters built from em-
bedded graphics processing units (GPU) and laptops.

Several studies have explored containerization and orchestration technologies
in robotics, emphasizing modularity, portability, and ease of deployment. Exist-
ing works have introduced scalable Kubernetes-based frameworks for the Internet
of Drones, containerized ROS applications on cloud-server-edge architectures, and
edge computing platforms for model predictive control in aerial robots. Other works
have proposed container-based methodologies for ROS deployments on heteroge-
neous and hierarchical edge-cloud architectures, including mixed-criticality orches-
tration for autonomous systems. These studies collectively underscore the transfor-
mative role of containerization and orchestration in improving scalability, efficiency,
and reliability in robotic systems.

Nevertheless, a gap remains between architectural proposals and application-
level evidence. Much of the existing work concentrates on system design, and many
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implementations are based on ROS 1 rather than ROS 2. More importantly, there
has been a notable lack of practical investigation into how the deployment of Ku-
bernetes with ROS 2 influences the performance of specific robotic tasks. This is
a crucial limitation, because resilience in robotics cannot be established by deploy-
ment abstractions alone; it must be demonstrated in the context of concrete robotic
capabilities. In this dissertation, that gap is addressed through a fault-oriented case
study based on multi-robot relative localization.

4.2 Resilient Multi-Robot Relative Positioning Using Ku-
bernetes and ROS 2

Precise localization serves as a critical foundation in multi-robot systems [39]. Ultra-
wideband-based localization systems offer cost-effective and relatively accurate per-
formance, with the potential to fuse ranging data with odometry and other sensor
modalities. As such, they form the backbone of many collaborative robotic appli-
cations. However, UWB measurements are susceptible to multiple sources of error,
including noise, non-line-of-sight interference, and multipath effects, all of which
can compromise system accuracy. Recent work has shown that integrating Long
Short-Term Memory (LSTM) models with UWB-based localization can significantly
improve accuracy by mitigating ranging errors [39; 120]. Yet this improvement intro-
duces an additional systems challenge: once ranging error estimation is distributed
across several edge nodes, the failure of one or more nodes can degrade the overall
localization pipeline.

This section presents a resilience-oriented system in which a UWB-based multi-
robot relative positioning application is deployed on a Kubernetes edge cluster using
ROS 2. The core idea is to combine distributed ranging-error mitigation at the edge
with centralized relative localization, and to examine whether orchestration can pre-
serve operational continuity when some of the edge-side mitigation nodes fail. The
system therefore uses resilience not as an abstract architectural aspiration, but as a
measurable property of a concrete robotic workload.

4.2.1 System Architecture and Deployment
Proposed system architecture

The proposed system architecture, shown in Fig. 14, is designed to leverage sen-
sor fusion and distributed computing in order to achieve resilient and accurate rela-
tive localization in a multi-robot setting. The architecture integrates UWB ranging
for distance measurement, LSTM networks for UWB error estimation, and particle-
filter-based relative localization. The overall design follows a worker—master pattern
under K3S orchestration.
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Figure 14. lllustration of the proposed system architecture. A Worker Node (WN) and a Master
Node (MN) are managed by K3S. UWB measurements from the robots (WNs) are refined via an
LSTM-based Ranging Error Estimation ROS 2 Node and sent to the MN, where a Particle
Filter-based ROS 2 Node processes them for relative localization. The ROS 2 nodes run in a
container, Pod. The LSTM ranging error estimation programs and particle filter programs are
pulled from a private Docker registry to WNs or MN. This setup enhances the resilience and
robustness of UWB multi-robot indoor positioning.

In the deployed configuration, each Turtlebot4 is equipped with one UWB transceiver

and one NVIDIA Jetson Nano. Each worker node collects UWB ranging data from
its local transceiver and runs an LSTM-based ROS 2 node that estimates and corrects
ranging errors. The corrected UWB ranges are then published for downstream use.
A particle-filter ROS 2 node runs on a laptop acting as the master node, where it
processes the corrected UWB data to compute the relative positions of the robots. In
this way, the error-mitigation workload is distributed across the edge nodes, while
the relative localization back-end remains centralized.

The architectural logic of the system reflects both the strengths and the con-
straints of edge robotics. On the one hand, distributing the LSTM-based error miti-
gation across worker nodes makes better use of the available computational resources
of the robot-mounted devices. On the other hand, this distribution introduces depen-
dency chains: if one worker-side mitigation node fails, the quality or completeness
of the corrected ranging data can be affected. The system therefore provides a suit-
able basis for investigating whether Kubernetes-based orchestration can recover such
nodes automatically and limit the impact of failure on the relative localization task.

K3S orchestration of containerized ROS 2 nodes

Containerization is used to make this deployment operationally feasible. Docker
images for the LSTM and particle-filter applications are created and stored in a pri-
vate Docker registry. This registry serves as a centralized repository for the applica-
tion images, ensuring secure and efficient distribution of containerized ROS 2 nodes
across the edge cluster.

The workflow, shown in Fig. 15 follows a conventional containerization pipeline:
Dockerfiles are used to build the images, the images are pushed to the registry, and
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Figure 15. Containerized ROS 2 application workflow

the relevant worker or master nodes pull the required images during deployment.
This arrangement supports reproducible deployment and isolates the application run-
time from host-specific software variation. For robotics, such consistency is espe-
cially important because seemingly minor software mismatches can affect timing,
middleware configuration, or driver behavior across heterogeneous hardware.

The particle-filter node is containerized and deployed on the K3S cluster as a
ROS 2 application. Functionally, the particle filter subscribes to the raw or corrected
UWRB ranges and uses these observations together with robot odometry to estimate
relative positions. In the implementation adopted for this work, each particle filter
propagates its state using odometry and updates the state using range measurements
from the UWB transceivers. The state includes the horizontal coordinates of each
robot within a shared local reference frame. The deployment setup of the particle
filter node is shown as follows:

apiVersion: apps/vl
kind: Deployment
metadata :
name: pf-ros2-deployment
labels:
app: pf-ros2
spec:
selector:
matchLabels:
app: pf-ros2
template :
metadata:
labels:
app: pf-ros2
spec:
containers:
— name: pf-ros2
image: pf-ros2:ros2core

The LSTM nodes are likewise containerized and deployed individually. Because
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computational resources are limited in the edge scenario, particularly for machine-
learning applications, the LSTM calculation process is divided into multiple nodes.
Each LSTM node processes UWB-ranging data associated with its respective transceiver
and publishes corrected ranges to a ROS topic. The network architecture consists of
two LSTM layers with 50 units each, followed by dropout layers with a 30 percent
rate to reduce overfitting, and a final dense layer that outputs a single value repre-
senting the estimated ranging error. The model was trained using a separate dataset
collected within the same facility, and its effectiveness in mitigating ranging errors
had been validated previously. In the present chapter, its importance lies in the fact
that it constitutes the workload whose failure and recovery are examined. The de-
ployment setup for the LSTM nodes is illustrated as follows:

kind: Deployment
metadata :
name: uwb-lstm—-deploymentxxx
labels:
app: uwb-lstmxxx
spec:
selector :
matchLabels:
app: uwb-Istmxxx
template :
metadata :
labels:
app: uwb-lstmxxx
spec:
containers :
— name: uwb-lstm-ros2core —xxx
image: uwb-Istm-ros2core : Xxx

At the orchestration level, the K3S edge cluster manages the deployment and
lifecycle of the LSTM and particle-filter nodes. The cluster comprises Jetson Nano
worker nodes and a laptop master node, thereby combining resource-constrained
robot-mounted devices with a more capable control node. This arrangement is repre-
sentative of many practical robotic edge deployments, in which not all participating
devices have the same computational profile. K3S provides automated management
of these containerized components, including failure detection, restart behavior, and
load management. In the context of resilience, its relevance lies in the self-healing
capability that allows failed application containers to be restored without manual
intervention.

The architectural significance of this system extends beyond the particular local-
ization task. It demonstrates how ROS 2 nodes performing estimation and inference
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can be treated as orchestrated services in an edge cluster, rather than as monolithic
processes tied permanently to a single robot. This perspective is central to the disser-
tation’s broader treatment of deployable robotic capabilities in distributed systems.

4.2.2 Failure-Oriented Evaluation Setup

The resilience of the proposed system is examined through a controlled failure-
oriented evaluation in an indoor environment. Rather than treating failure as an in-
cidental condition, the evaluation deliberately induces failures in the LSTM-based
error-mitigation nodes during runtime and observes how the orchestrated system
responds. This design allows the impact of software-node failure and subsequent
automated recovery to be examined in relation to the relative localization task.

The primary evaluation metric is the Absolute Pose Error (APE) of the relative
position estimates. An OptiTrack motion-capture system provides ground truth for
the relative localization results, and the APE values are computed using the EVO
toolchain in Python(jhttps://github.com/MichaelGrupp/evo). The choice
of APE is appropriate in this context because the central question is whether orches-
trated recovery preserves the localization performance of the robotic system when
failures occur. The metric therefore links systems-level resilience to application-
level outcome.

The experiments are carried out using Turtlebot4 platforms in a controlled indoor
setup. The system is implemented on Ubuntu 20.04 with ROS 2 Galactic in Python
3.8. The LSTM network is developed using the PyTorch framework, and K3S version
1.27.4 is used for deployment. Each robot-side worker node consists of a Turtlebot4
equipped with a Jetson Nano featuring 4 GB of RAM, while the master node is a
laptop with an AMD Ryzen 7 5800H CPU and 16 GB of RAM. The UWB transceiver
is from Qorvo, and the OptiTrack system covers an area of 9 m x 9 m x 5 m. These
hardware and software choices are important because they reflect a realistic resource-
constrained edge scenario rather than a purely simulated orchestration environment.

A series of failure scenarios is defined in order to examine the system under
progressively more severe disruption, shown in Table 5. In addition to a baseline
scenario without LSTM correction, the evaluation includes one nominal scenario in
which all LSTM pods remain active and several failure-injection scenarios in which
one or more LSTM pods are manually terminated during operation. In each case,
the particle-filter pod on the master node remains operational, while K3S attempts to
restart the failed LSTM pods automatically.
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Table 5. Abbreviations and descriptions of experimental setting scenarios.

LSTM Pods Failure LSTM Pods
Running Event Running 5 s
Scenario att =0s att = 15s After Failure = Purpose
NOLSTM 0 — 0 Pure UWB + PF
baseline (no correc-
tion)
SALL 5 none 5 Ideal case: full cor-
rection, no faults
F1 5 kill 1 pod 5 (after restart)  Single-node  fault,
tests self-healing
F2 5 kill 2 pods 5 (after restart)  Dual-node fault,
moderate stress
F3 5 kill 3 pods 5 (after restart)  Majority failure,
high stress
F4 5 kill 4 pods 5 (after restart) Only one pod ini-
tially survives
F5 5 kill all 5 pods 5 (after restarts) Worst case: com-

plete outage, full re-
covery required

The baseline scenario, denoted NOLSTM, contains no LSTM pods and there-
fore represents pure UWB plus particle-filter localization without ranging-error cor-
rection. The SALL scenario represents the ideal case in which all LSTM pods are
running and no faults are introduced. In scenarios F1 to F5, the system begins with
all LSTM pods active, after which one, two, three, four, or all five LSTM pods are
deliberately terminated at 15 s. Five seconds after failure, K3S attempts to restore the
terminated pods. These scenarios provide a structured way to assess single-node fail-
ure, moderate multi-node stress, majority failure, near-total degradation, and com-
plete outage followed by recovery.

The evaluation setup is therefore explicitly failure-oriented rather than nominal-
performance-oriented. Its purpose is not simply to ask whether LSTM correction
improves localization accuracy under ideal conditions, but whether the overall sys-
tem can preserve acceptable localization behavior when the distributed mitigation
components fail and are subsequently restored. This distinction is essential from the
perspective of resilience. A system that performs well only when all components re-
main continuously available is robust only in a narrow sense; a resilient system must
accommodate disruption and recovery as part of its normal operating logic.
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5 Research Studies and Resulis

5.1 Publication I: Distributed Robotic Systems in the
Edge-Cloud Continuum with ROS2: A Review on
Novel Architectures and Technology Readiness

Summary. This publication set out to map the emerging field of distributed robotic
systems that span the edge—cloud continuum while remaining compatible with ROS 2
as the de facto middleware standard for modern robotics. The study reviewed the
technical foundations required for such systems, including DDS-based communica-
tion, containerisation, computational offloading. It also examined the practical tool-
ing ecosystem around ROS 2, discussing cloud and simulation platforms, and orches-
tration or fleet-management frameworks including Kubernetes-based deployments,
Open-RMF, Vulcanexus, and Zenoh. The paper therefore served as a structured ac-
count of how ROS 2 robotics was being reconfigured by cloud-native methods and
by the increasing distribution of computation across heterogeneous infrastructure.

Results and contribution. As a review article, the principal outcome was inter-
pretive rather than experimental. The paper demonstrated that the field had moved
beyond generic notions of cloud robotics towards a more technically mature discus-
sion of ROS 2-compliant deployments in which computation, simulation, visualisa-
tion, teleoperation, and learning could be distributed across robots, edge devices,
and cloud services. It showed that containerisation and orchestration were becoming
central design patterns, that robot learning was increasingly tied to cloud simulation
and CI/CD workflows, and that decentralised approaches based on distributed ledger
technologies were beginning to enter the robotics literature. The paper’s central con-
tribution was to provide a structured ROS 2-oriented synthesis of the edge—cloud
robotics landscape, to assess the technology readiness of the emerging ecosystem.

Author contribution. The thesis author served as the first author of the pub-
lication, led the review process and literature synthesis, structured the paper, and
prepared the manuscript in collaboration with the co-authors.
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5.2 Publication Il: Comparison of Middlewares in Edge-
to-Edge and Edge-to-Cloud Communication for Dis-
tributed ROS 2 Systems

Summary. This paper moved from architectural review to controlled experimenta-
tion by examining how different networking middlewares affect communication per-
formance in multi-host ROS 2 systems. The study focused on CycloneDDS, MQTT,
and Zenoh, and assessed their performance under Ethernet, Wi-Fi, and 4G connec-
tions. The experiments were deliberately designed to go beyond single-machine mid-
dleware tests by measuring latency and throughput across multiple hosts using ROS
messages of different sizes and types, including array and point-cloud messages. In
order to connect the networking results to actual robotic behaviour, the study also im-
plemented a real-robot experiment in which a TurtleBot 4 executed repeated square
trajectories while velocity commands were transmitted through the respective mid-
dleware configurations. Additional discussion was included on CPU usage and on
the performance implications of enabling ROS 2 security.

Results and contribution. The results showed that the relative advantage of the
communication stack depended on the deployment network. In the reported setup,
CycloneDDS performed best under Ethernet, while Zenoh performed better under
Wi-Fi and 4G. The throughput results are shown in Fig. 16. The latency results are
shown in Table 6. In the real-robot experiment, Zenoh also produced the smallest
trajectory drift over the test interval, shown in Fig. 17 and Fig. 18. The paper further
reported CPU-usage observations and a limited analysis of the performance impact of
enabling ROS 2 security, shown in Table 7 and Table 8. The paper’s contribution was
therefore twofold. Empirically, it provided a comprehensive multi-host comparison
of DDS, MQTT, and Zenoh across edge-to-edge and edge-to-cloud communication
settings. Methodologically, it linked latency and throughput measurements to robot-
level motion drift, thereby showing that middleware evaluation should be carried
out not only at message level but also in terms of its effect on embodied robotic
performance.

Author contribution. The thesis author played a leading role and contributed to
the study conception and design, participated in material preparation, data collection,
and analysis, and wrote the first draft of the manuscript.
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Table 6. Mean latency with different network setup

(a) Mean latency (ms) with Ethernet

Research Studies and Results

ROS Message CycloneDDS Zenoh-TCP Zenoh-broker MQTT-nobroker MQTT-broker
Arraylk 1.29 1.98 1.78 89.74 91.01
Arraydk 1.30 1.97 1.91 86.59 3.87
Array16k 1.55 2.36 2.24 86.98 3.58
Array64k 3.35 3.35 3.27 3.51 14.77
Array256k 5.37 7.42 7.42 10.75 48.50
Arraylm 19.28 32.88 42.69 136.60 5545.04
Array2m 37.97 70.97 70.61 312.89 7468.62
PointCloud512k 11.16 20.51 18.47 18.45 87.07
PointCloudIm 21.95 37.42 41.24 94.92 1020.70
PointCloud2m 39.94 76.78 77.12 540.25 5625.40

(b) Mean latency with Wi-Fi
ROS Message  CycloneDDS Zenoh-TCP Zenoh-broker MQTT-nobroker MQTT-broker
Arraylk 51.40 14.82 12.58 92.93 173.62
Array4k 39.84 32.34 54.11 101.19 73.64
Array16k 56.73 48.30 139.63 101.77 125.69
Array64k 606.50 452.51 326.96 278.81 4382.25
Array256k 1574.14 3021.77 232391 13538.75 19788.57
Arraylm - 5960.16 7599.04 20950.00 -
Array2m - 9386.79 11337.42 - -
PointCloud512k - 5164.90 5407.28 11307.95 -
PointCloudIm 3748.00 5326.69 5657.96 24115.00 -
PointCloud2m - 9283.26 8805.96 - -

(c) Mean latency with 4G
ROS Message CycloneDDS Zenoh-TCP Zenoh-broker MQTT-nobroker MQTT-broker
Arraylk 58.80 72.11 134.02 279.17 679.91
Array4k 103.75 102.86 98.05 228.84 537.87
Array16k 116.95 150.81 145.42 220.82 530.20
Array64k 163.29 3349.90 434.19 541.76 2222.11
Array256k - 7458.61 7556.25 10736.73 19987.27
Arraylm - 10086.88 11811.52 - -
Array2m - 15365.29 10870.59 - -
PointCloud512k - 7357.50 6591.85 - -
PointCloudIm - 13254.00 10333.13 - -
PointCloud2m - 14309.50 11900.27 - -

5.3 Publication Ill: Event-based Sensor Fusion and Ap-
plication on Odometry: A Survey

Summary. This survey addressed a more specific but technically important localisa-
tion question: how event cameras can be used in sensor-fusion pipelines for odome-
try. Unlike broader event-camera surveys, the paper was explicitly organised around
odometry and pose estimation. It began by explaining the advantages of event cam-
eras—high temporal resolution, low latency, wide dynamic range, and resistance
to motion blur—and then reviewed the main fusion strategies relevant to odometry.
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Figure 16. Throughput (Kilobytes/sec) with different network setup. In Subfig (a), since the data
difference is very small, the lines of CycloneDDS, Zenoh-TCP, and Zenoh-broker overlap.

These included event-only methods, fusion with frame-based cameras, fusion with
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Figure 17. Robot moving trajectory over 96 s of different middleware. The trajectories are for
illustration and are not comparable.
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Figure 18. Robot drift over 96 seconds for various middlewares, analyzed using data from 2200
frames per middleware.

IMUs, event-based stereo visual odometry, and early work on event-LiDAR integra-
tion.

Results and contribution. The survey showed that event cameras are particu-
larly valuable where conventional visual odometry is compromised by rapid motion,
poor lighting, or wide dynamic range, and that fusion with IMUs provides a power-
ful route to low-latency and drift-reduced motion estimation. It further showed that
event-based stereo methods were beginning to mature into credible 3D odometry
pipelines, while event-LiDAR fusion remained promising but comparatively imma-
ture, with calibration and cross-modal integration still at an early stage. The paper’s
contribution was to reframe the event-camera literature specifically around odome-
try, to synthesise the principal fusion strategies with frame cameras, IMUs, stereo
setups, and LiDAR, and to identify the most significant technical gaps that remain in
event-based sensor fusion for motion estimation.

Author contribution. The author’s contribution consisted in repositioning a
broad event-camera literature around the narrower and more practically significant
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Table 7. CPU usage (%) with different network setup. The data is in the format of (Ethernet_CPU,
Wi-Fi_CPU, 4G_CPU).

MSG CycloneDDS Zenoh-TCP Zenoh-broker MQTT-nobroker MQTT-broker
Arraylk (0.04, 0.04, 0.04) (0.05, 0.05,0.06) (0.06, 0.05,0.06) (0.05, 0.05,0.05) (0.05, 0.05, 0.05)
Array4k (0.04, 0.03, 0.04) (0.05, 0.05, 0.06) (0.06, 0.05,0.06) (0.05, 0.05,0.05) (0.05, 0.05, 0.05)
Array 16k (0.05, 0.04, 0.05) (0.06, 0.06, 0.06) (0.06, 0.06, 0.06) (0.05, 0.05,0.05) (0.04, 0.05, 0.06)
Array64k (0.07, 0.06, 0.06) (0.06, 0.05,0.05) (0.07, 0.05,0.06) (0.05, 0.05,0.06) (0.05, 0.03, 0.06)
Array256k (0.19, 0.09, 0.06) (0.09, 0.05, 0.04) (0.09, 0.05, 0.05) (0.08, 0.05,0.05) (0.07, 0.04, 0.05)
Arraylm (0.51,0.08,0.11) (0.16, 0.04,0.03) (0.18,0.03,0.04) (0.18,0.13,0.13) (0.17,0.12,0.14)
Array2m (0.77,0.08, 0.19) (0.30, 0.04, 0.03) (0.32,0.04,0.03) (0.30,0.17,0.19) (0.20,0.18, 0.19)

PointCloud512k (0.30, 0.07,0.07) (0.12, 0.06, 0.03) (0.12, 0.04,0.04) (0.12,0.08,0.07) (0.12, 0.09, 0.09)
PointCloudlm  (0.57,0.09, 0.12) (0.18, 0.04,0.03) (0.19,0.04,0.04) (0.17,0.12,0.14) (0.21,0.15,0.14)
PointCloud2m  (0.84, 0.11, 0.19) (0.32, 0.03, 0.03) (0.30, 0.03,0.04) (0.33, 0.18,0.20) (0.22, 0.22, 0.20)

Table 8. Security difference

Security Mean latency  Throughput CPU usage

With security 77.35 ms 9701 bytes/sec 0.06 %
Without security 72.11 ms 9804 bytes/sec 0.06 %

theme of odometry, organising the field into clear sensor-fusion categories, and draw-
ing out the implications of those categories for future localisation research.

5.4 Publication 1V: Understanding Lidar Variability: A
Dataset and Comparative Study Featuring Dome-
Shaped, Solid-State, and Spinning Lidars

Summary. This publication examined how localisation performance changes when
the sensing platform itself changes. The paper introduced a new multi-lidar dataset
in which dome-shaped solid-state, limited-field-of-view solid-state, and spinning li-
dars were mounted simultaneously on the same robotic platform and recorded in
both indoor and outdoor environments with accurate ground truth from motion cap-
ture or GNSS/RTK. On this dataset, the study benchmarked a set of state-of-the-art
SLAM methods—FAST-LIO2, FASTER-LIO, S-FAST-LIO, FAST-LIO-SAM, and
GLIM—and a complementary set of point-cloud matching methods based on point-
to-point, point-to-plane, and hybrid ICP. In this way, the work did not merely intro-
duce data; it used that data to investigate the interaction between sensor geometry,
scanning pattern, environment type, and odometry algorithm.

Results and contribution. The study showed that sensor modality has a measur-
able and environment-dependent effect on localisation. The Livox Mid-360 delivered
the strongest and most stable overall performance across both SLAM and ICP eval-
uations, particularly in cluttered or complex scenes where its wider vertical FoV and
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dense coverage proved advantageous. The Livox Avia performed well in long-range
outdoor SLAM, especially in road-like environments, but was less effective in local
registration tasks. The Ouster spinning lidar yielded competitive and often reliable
results in structured scenes, although its advantages were less consistent in semi-
structured or heavily cluttered environments. The paper’s major contribution was to
introduce a new heterogeneous multi-lidar dataset in which dome-shaped, solid-state,
and spinning lidars were mounted on the same platform under identical conditions,
and to provide a fair benchmark of both SLAM and point-cloud registration methods
across these sensing modalities.

Author contribution. The thesis author contributed as is a co-author, and re-
sponsible for IMU-GNSS-RTK localization, platform building, and data collection,
benchmarking support, results analysis, and writing.

5.5 Publication V: Seamless Outdoor-Indoor Pedestrian
Positioning System with GNSS/UWB/IMU Fusion:
A Comparison of EKF, FGO, and PF

Summary. This publication extended the thesis’s localisation strand from robot-
centred relative positioning to seamless pedestrian positioning across outdoor—indoor
transitions. The study proposed a unified GNSS/UWB/IMU fusion framework in
which chest-mounted IMU-based pedestrian dead reckoning provided the motion
backbone, GNSS delivered outdoor position updates, UWB supported indoor posi-
tioning, and OpenStreetMap building footprints were used as lightweight map con-
straints to suppress physically implausible solutions. Within this framework, three
probabilistic back-ends were implemented and compared under identical sensing
conditions: an error-state extended Kalman filter, a sliding-window factor graph opti-
miser, and a particle filter. The system was realised in ROS 2 on a wearable platform
and visualised in Foxglove, with dual ground truth provided by RTK outdoors and
motion capture indoors.

Results and contribution. Across all three experimental scenarios—indoor, out-
door, and seamless outdoor—indoor—the error-state Kalman filter provided the most
consistent performance. For all scenarios, accuracy is assessed against ground truth
using the horizontal error and reported as cumulative distribution functions (CDFs),
shown in Fig. 19, together with summary statistics, shown in Table 9. Walking tra-
jectories are shown in Fig. 20. Indoors, it achieved the best reported accuracy, with
a median error of 0.415 m and an RMSE of 0.499 m. Outdoors, it again yielded the
strongest distribution, with a median error of 1.491 m and an RMSE of 2.186 m. In
the seamless transition scenario, it maintained continuity at the doorway while pro-
ducing the best overall result, with a median error of 0.997 m and an RMSE of 1.248
m. The particle filter was generally the second-best performer, while the factor graph
implementation proved less stable in the mixed sensing regime of the study. The pa-
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Figure 20. Trajectories of the compared methods under different environmental settings.

per’s contribution lay in proposing a unified GNSS/UWB/IMU fusion framework for
seamless pedestrian positioning, introducing lightweight map-based feasibility con-
straints derived from building footprints, and providing a controlled comparison of
EKF, FGO, and PF within the same wearable ROS 2 implementation.

Table 9. Indoor/Outdoor experiment

Indoor Outdoor Outdoor-Indoor
(Mean, Median, RMSE, STD, Max), unit: m

FGO (0.836, 0.715, (1.995, 1.946, (2.070, 1.962,
0.992, 0.535, 3.303) 2.389, 1.315,7.619) 2.302, 1.008, 5.351)

Particle filter (0.491, 0.447, (2.284, 1.681, (1.292, 1.017,
0.552, 0.253, 1.374) 2.816, 1.648, 7.357) 1.653,1.031, 5.108)

ESKF (0.441, 0.415, (1.726, 1.491, (1.085, 0.997,

0.499, 0.235, 1.309) 2.186, 1.341, 8.181) 1.248,0.617, 2.631)

Author contribution. The thesis author served as the first author of the publi-
cation and led the implementation, experimentation, data analysis, and manuscript
preparation in collaboration with the co-authors.
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5.6 Publication VI: Enhancing the Resilience of ROS 2-
Based Multi-Robot Systems with Kubernetes: A
Case Study on UWB-Based Relative Positioning

Summary. This paper addressed resilience directly by asking how a ROS 2-based
multi-robot localisation system behaves under node failures when deployed through
Kubernetes at the edge. The application case was UWB-based relative positioning, a
setting in which inter-robot dependence is intrinsic because distance measurements
must be processed cooperatively. The study deployed an edge cluster comprising five
Jetson Nano devices and one laptop, orchestrated through K3S. Each robot hosted an
LSTM-based UWB ranging-error mitigation node, while the relative pose estimation
was performed through a particle-filter node. Controlled failures were then induced
by terminating different combinations of LSTM pods, and localisation performance
was evaluated from the resulting position errors. This design turned resilience from
a general systems claim into a measurable property of a concrete robotic application.

Results and contribution. The results showed that the Kubernetes-orchestrated
system remained remarkably stable under failure. The APE values of the relative
position results under various experimental settings, as detailed in Table 5, are pre-
sented in Figure 21. To provide a concrete comparison of the value differences,
Table 10 presents the numerical results for the Root Mean Square Error (RMSE) and
its Standard Deviation (STD). From the figure, it is evident that even when LSTM
nodes were deliberately stopped, the positioning accuracy remained close to that of
the no-failure case and significantly superior to the baseline without LSTM correc-
tion. The orchestration layer restored failed components through self-healing, and
the overall localisation trajectories(Figure 22) remained largely consistent across the
tested scenarios. The paper’s principal scientific contribution was to show, through
a concrete UWB-based relative positioning case study, that Kubernetes can be used
to enhance the resilience of distributed ROS 2 multi-robot applications, and that con-
tainer orchestration can preserve localisation performance even when edge nodes
fail.
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Table 10. Root Mean Square Error (RMSE, unit: m) and its corresponding Standard Deviation
(STD, unit: m) for different moving robots (TB represents Turtlebot) across various experimental

settings.
Scenarios RMSE/STD
TB1 TB2 TB3 TB4
SAll (0.121/0.064) (0.122/0.064) (0.117/0.057) (0.133/0.070)
F1 (0.116/0.058) (0.118/0.058) (0.113/0.057) (0.132/0.065)
F2 (0.120/0.060) (0.123/0.062) (0.116/0.059) (0.136/0.074)
F3 (0.118/0.062) (0.125/0.067) (0.113/0.056) (0.138/0.071)
F4 (0.118/0.058) (0.121/0.061) (0.116/0.059) (0.131/0.067)
F5 (0.230/0.195) (0.122/0.060) (0.118/0.058) (0.136/0.070)
NOLSTM (0.661/0.528) (0.134/0.076) (0.188/0.127) (0.255/0.186)
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Figure 21. The Absolute Pose Error (APE, unit: m) values of the moving robots under different
experimental settings shown in Table 5, Turtlebot 1 to Turtlebot 4, are presented sequentially from
left to right.

Author contribution. The thesis author was responsible for conceptualization,
methodology, software development, validation, formal analysis, investigation, data
processing, original-draft writing, and visualization.
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6 Conclusions

6.1 Summary of the Thesis

This thesis examined robotic capability in distributed systems through three tightly
connected dimensions: communication, localization, and resilience. Its central ar-
gument is that these are not separable engineering layers, but mutually condition-
ing properties of the same system. Communication architecture determines whether
sensing and coordination remain timely and dependable; localization depends on
how heterogeneous measurements are represented, fused, and exchanged; and re-
silience depends not only on estimator design, but also on how software components
are deployed, recovered, and sustained under failure. Across these three themes, the
thesis has shown that robust distributed robotics requires co-design across middle-
ware, sensing, estimation, and orchestration rather than isolated optimization of any
one component.

Chapter 1 introduced the problem space and formulated the three research ques-
tions that guided the thesis. These questions addressed, respectively, the effect of
architectural and middleware choices on ROS?2 communication, the role of het-
erogeneous sensing and multisensor fusion in localization, and the contribution of
Kubernetes-orchestrated ROS 2 deployment to resilience in multi-robot relative lo-
calization. In doing so, the chapter positioned the dissertation within the broader
transition from monolithic robotic systems to distributed, networked, and edge-enabled
robotic platforms.

Chapter 2 focused on communication architecture in distributed ROS 2 systems.
It first established the broader architectural context of edge—cloud robotics, review-
ing the enabling roles of ROS 2, containerization, computational offloading, orches-
tration, security, and emerging distributed infrastructures. It then examined com-
munication performance empirically through a comparative study of CycloneDDS,
MQTT, and Zenoh in multi-host ROS 2 deployments across Ethernet, Wi-Fi, and 4G
networks. The chapter showed that communication behaviour in distributed robotic
systems is strongly conditioned by deployment context: CycloneDDS performed
best in Ethernet environments, whereas Zenoh was more effective under Wi-Fi and
4G, and also yielded the smallest trajectory drift in a real-robot experiment. The
chapter therefore established that communication efficiency and reliability in ROS 2
cannot be treated as middleware-invariant properties, but must be analysed in relation
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to network conditions and deployment architecture.

Chapter 3 addressed localization in distributed robotic systems through the lens
of sensor heterogeneity and multisensor fusion. The chapter first considered event-
based sensing as an emerging modality for odometry, showing why event cameras
are attractive under high-speed motion, low illumination, and high dynamic range,
particularly when fused with conventional cameras, IMUs, and LiDAR. It then ex-
amined lidar variability through a comparative dataset and benchmarking study in-
volving dome-shaped solid-state, limited-field-of-view solid-state, and spinning li-
dars. That analysis showed that sensor geometry and scanning characteristics mate-
rially affect SLAM and point-cloud registration performance, and that these effects
vary with environmental structure. Finally, the chapter considered seamless out-
door—indoor localization through GNSS/UWB/IMU fusion, comparing ESKF, FGO,
and PF back-ends. Taken together, the chapter demonstrated that localization perfor-
mance emerges from the interaction between sensor characteristics, estimator design,
and environmental context, rather than from any universally superior modality or al-
gorithm.

Chapter 4 turned to resilience in distributed robotic systems. Using UWB-based
multi-robot relative positioning as a representative application, it studied how con-
tainerized ROS 2 nodes deployed on a K3S edge cluster behaved under controlled
node failures. LSTM-based UWB ranging error mitigation was distributed across
edge nodes, while particle-filter-based localization was executed centrally. By in-
ducing failures in different combinations of the LSTM nodes, the chapter showed
that Kubernetes-style orchestration can preserve localization quality through auto-
mated recovery and service continuity. The main contribution of the chapter was
therefore to move resilience from a purely algorithmic concern to a deployment-
level property: the system remained operational not because failure was avoided, but
because the software infrastructure could detect, isolate, and recover from failure in
a principled way.

Chapter 5 synthesized the findings of the published articles, and summarized the
contributions.

6.2 Answers to the Research Questions

RQ1 asked: How do architectural and communication middleware choices shape
communication efficiency and reliability in distributed ROS 2 robotic systems
across edge-to-edge and edge-to-cloud deployments? The answer developed in
this thesis is that communication performance is jointly shaped by architectural de-
composition and by middleware—network compatibility. At the architectural level,
ROS 2-based distributed robotics increasingly operates across an edge—cloud contin-
uum in which computation, data transport, visualization, orchestration, and security
are distributed across heterogeneous resources. At the communication level, the the-
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sis showed that no single middleware is optimal in all conditions. CycloneDDS
offered the best performance in Ethernet settings, while Zenoh proved more suitable
in wireless and wide-area conditions such as Wi-Fi and 4G, including in real-robot
operation. The outcome is therefore not a ranking of protocols in the abstract, but
a design principle: efficient and reliable ROS 2 communication requires network-
aware middleware selection embedded within an architecture that explicitly accounts
for locality, bandwidth, latency, and deployment topology.

RQ2 asked: How do heterogeneous sensor characteristics and multisensor
fusion strategies jointly determine localization accuracy, robustness, and con-
tinuity in robotic systems across diverse environments? The thesis answers this
question by showing that heterogeneity is not a complication to be eliminated, but
a resource to be exploited. Event cameras contribute high temporal resolution and
robustness under fast motion and difficult lighting; LiDARs differ substantially in
field of view, scan pattern, density, and environmental suitability; GNSS, UWB,
and inertial sensing each provide only partial observability when used alone, but be-
come substantially more reliable when fused. The experimental and review evidence
showed that the Livox Mid-360 provided strong and stable performance across sev-
eral SLAM and ICP settings, that long-range Avia measurements were especially
useful in open outdoor conditions, and that ESKF offered the most consistent perfor-
mance in seamless GNSS/UWB/IMU pedestrian positioning. The broader outcome
is clear: localization accuracy, robustness, and continuity depend on matching sen-
sor physics and estimator structure to the operating environment, and on designing
fusion methods that exploit complementarity rather than assuming uniform sensor
behaviour.

RQ3 asked: How can Kubernetes-orchestrated ROS 2 edge deployment en-
hance the resilience of UWB-based multi-robot relative localization? The thesis
shows that orchestration enhances resilience by transforming failure handling from
an ad hoc software concern into an explicit systems capability. In the studied UWB-
based relative localization system, LSTM-based ranging correction modules were
distributed across edge nodes and exposed to controlled failures. Despite these fail-
ures, K3S automatically restarted the affected services, and the resulting localization
accuracy remained close to the fully operational case while clearly outperforming
the baseline without LSTM correction. The outcome is therefore twofold. First,
resilience in distributed robotics is not only a matter of estimator robustness, but
also of deployment strategy, node management, and automated recovery. Second,
Kubernetes-style orchestration is a practical means of strengthening operational con-
tinuity in ROS 2 multi-robot systems, especially when perception and localization
services are modularized across heterogeneous edge devices.

Taken together, the answers to the three research questions support a single over-
arching conclusion. Distributed robotic capability should be understood as a systems
property arising from the interaction of communication architecture, sensing and es-
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timation, and deployment resilience. Reliable communication without contextual
sensing is insufficient; accurate localization without robust deployment is fragile;
and resilient deployment without suitable communication and sensing architecture
cannot sustain useful autonomy. The principal outcome of the thesis is thus a uni-
fied perspective in which communication, localization, and resilience are treated as
co-dependent design dimensions of distributed robotic systems.

6.3 Future Work

The most natural continuation of this thesis is the development of a cooperative
multi-robot system in which robots relatively localize one another while each robot
carries a multimodal sensing suite. Such a system would move beyond the single-
application cases examined here and provide a unifying experimental platform for all
three capability dimensions studied in this dissertation. Each robot could combine
onboard IMU data, LiDAR odometry, visual or event-based perception, UWB rang-
ing, and—when available—GNSS. In that setting, ego-motion estimation would re-
main onboard and local, while inter-robot relative localization would be constructed
from shared range, bearing, and motion constraints. Event cameras would be es-
pecially valuable during rapid motion or low-light operation, while heterogeneous
LiDARs could contribute complementary geometric coverage depending on whether
the fleet was operating in structured indoor spaces, cluttered semi-structured envi-
ronments, or open outdoor areas.

Methodologically, such a system should adopt a hierarchical fusion architec-
ture. At the first level, each robot would estimate its own local motion using the
sensor combination most appropriate to its platform and environment. At the sec-
ond level, inter-robot UWB ranges, visual detections, LiDAR-based relative pose
constraints, or shared landmarks would provide pairwise relative localization. At
the third level, the fleet would maintain a distributed pose graph or sliding-window
cooperative estimator that fuses absolute anchors, relative measurements, and un-
certainty information across the team. This would allow the system to preserve
short-term local autonomy even under intermittent communication, while still bene-
fiting from longer-horizon cooperative correction when connectivity is restored. The
GNSS/UWB/IMU fusion results of this thesis suggest that such layered estimation
is particularly promising for systems that must operate seamlessly across outdoor,
indoor, and transitional spaces.

From the perspective of communication and deployment, future work should also
pursue a hybrid distributed architecture. Intra-robot communication could continue
to rely on native ROS 2 and DDS, especially where local links are stable and low-
latency, while inter-robot or edge-facing communication could benefit from middle-
ware better suited to wireless conditions, such as Zenoh. Heavier services—including
global map fusion, learned bias correction, long-horizon optimization, and fleet-level
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monitoring—could be deployed on a K3S edge cluster, but every robot should retain
a minimum self-sufficient localization stack so that temporary network loss does not
collapse the entire system. In other words, resilience should be designed as graceful
degradation rather than as dependence on uninterrupted connectivity.

Several open problems would need to be addressed for such a system to become
practical. Time synchronization across heterogeneous sensors and robots remains
difficult, especially when relative localization depends on tightly time-aligned mea-
surements. Extrinsic calibration between multimodal sensors, uncertainty modeling
across learned and model-based modules, and the scalable fusion of asynchronous
relative constraints all remain unresolved at fleet scale. In addition, the system would
need principled fault detection, security-aware communication, and mechanisms for
determining when a robot should trust its own sensors more than the information re-
ceived from peers. These challenges are substantial, but they also define a clear and
productive research agenda. The next step after this thesis is therefore not simply
to add more sensors or more robots, but to build cooperative multimodal systems in
which communication, localization, and resilience are designed from the outset as a
single integrated capability.
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